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The grant “The Evolution of the Quasar Continuum” resulted in over 53 published ref-
ereed papers and conference proceedings. The more significant of these papers are listed

below, and abstracts are attached.
to quasars at the highest redshifts. Primarily observational in content the work nonetheless

The papers address a wide range of issues involving the evolution of quasars, their elec-
included theoretical studies of quasar accretion disks that attempt to explain the observed

tromagnetic emissions, and their environment, from nearby low luminosity Seyfert galaxies

time variability of quasars, and the overall ‘demographics’ of the quasar population.
The work carried out under this grant has laid a strong foundation for ongoing and future

research with AXAF, HST and other new facilities.
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ABSTRACT

We have used the WGA catalog of ROSAT PSPC X-ray sources to study the
X-ray spectrum of about 500 quasars in the redshift interval 0.1-4.1, detected
with a signal to noise better than 7. We have parameterized the PSPC spectrum
in terms of two ‘effective energy spectral indices’, g (0.1-0.8 keV), and ay (0.4-
2.4 keV), which allows for the different Galactic Ny along the quasars line of
sight. We have used these data to explore the questions raised by the initial
PSPC high redshift quasar studies, and in particular the occurrence of low X-
ray energy cut-offs in high redshift radio-loud quasars. We have ‘also studied
the emission spectra of a large sample of radio-loud and radio-quiet quasars and
studied their differences.

We find that low energy X-ray cut-offs are more commonly (and perhaps
exclusively) found in radio-loud quasars. Therefore the low energy X-ray cut-offs
are physically associated with the quasars, and not with intervening systems,
since those would affect radio-quiet and radio-loud equally. We suggest that
photoelectric absorption is a likely origin of the these cut-offs.

The number of ‘cut-offs’ in radio-loud quasars significantly increases with
redshift, rather than with luminosity. A partial correlation analysis confirms that
as is truly anti-correlated with redshift at the 99.9% confidence level, indicating
evolution with cosmic epoch, and not a luminosity effect. Conversely, for ay the
observed anti-correlation with redshift is mostly due to a strong dependence on
luminosity.

We find marginal evidence for a flattening of ay (P=4.5 %) going from z<1
to z=2, in radio-quiet quasars, in agreement with previous studies. On the other



ABSTRACT

We present and discuss an X-ray image and a medium resolution X-ray spectrum of the
Seyfert 2 galaxy NGC 2110 obtained with the High Resolution Imager (HRI) on the Rosat
X-ray Observatory (0.1-2.4 keV) and Goddard’s Broad Band X-ray Telescope (BBXRT;
0.3-11 keV), respectively. Spatially resolved soft X-ray emission, which peaks 4” to the
north of the nucleus and near the position of the highest excitation optical emission line
gas, is seen in the HRI observation. The extent has a flux of ~3x10713 ergs cm™2 s~! and
accounts for 11 & 3% of the total 0.1-2.4 keV flux. To model the BBXRT spectrum, a soft
excess component is required which has a flux of ~3.5x10713 ergs cm™2 s~ and accounts
for ~14 £ 6% of the total 0.1-2.4 keV flux. In addition, BBXRT confirms the presence of
an ~175 eV EW Fe Ka fluorescence line in NGC 2110.

Because of the good agreement between their fluxes, we propose that the soft excess arises
from the spatially resolved X-ray emission. This is contrary to previous suggestions that
the spectral soft excess in NGC 2110 is due to leakage of the X-ray continuum through a
patchy absorber. The temperature of the gas responsible for the soft excess is too high
to be accounted for by local shock heating. In order to explain the soft excess and extent
as either scattered continuum X-rays or fluorescence from gas photoionized by the nuclear
source, the hard X-rays must be emitted anisotropically. However, the soft excess and
extent can be well modeled as thermal emission from a hot, outflowing wind, which may
also be responsible for confining at least some portion of the optical narrow line-emitting

clouds.

Subject Headings: galaxies: individual (NGC 2110) - galaxies: interstellar matter -
galaxies: nuclei - galaxies: Seyfert - X-rays: galaxies
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ABSTRACT

We have selected quasars with X-ray colors suggestive of a low energy cut-
off, from the ROSAT PSPC pointed archive. We examine the radio and optical
properties of these 13 quasars. Five out of the seven quasars with good optical
spectra show associated optical absorption lines, with two having high Av can-
didate systems. Two other cut-off quasars show reddening associated with the
quasar. We conclude that absorption is highly likely to be the cause of the X-ray
cut-offs, and that the absorbing material associated with the quasars, not inter-
vening along the line-of-sight. The suggestion that Gigahertz Peaked Sources are
associated with X-ray cut-offs remains unclear with this expanded sample.

Subject headings: quasars — absorption, X-rays

1. Introduction: Low Energy X-ray Cut-offs in Quasars

The first X-ray spectra of high z quasars showed strong, unanticipated, low energy cut-
offs (Elvis et al., 1994). A tantalizing connection of these cut-offs with GPS quasars was also
suggested, raising the possibility that these cut-offs were due to hot, galaxy-scale, medium
that also confined the radio sources. If nuclear absorbing material produces the cut-offs a
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ABSTRACT

We have used the ROSAT High Resolution Imager (HRI) to examine the distribution of soft X-rays in
three nearby Seyfert galaxies with ~4’-5" FWHM spatial resolution. A feature of our analysis is an attempt
to remove errors in the aspect solution using a method developed by one of us (J. M.).

NGC 4151 shows resolved X-ray emission that is spatially correlated with the optical extended narrow-line
region (ENLR), confirming the results obtained with the Einstein HRI by Elvis, Briel, & Henry. Image decon-
volutions allow us to trace the extended X-rays along a position angle of ~50°/230° as far as ~1.5 kpc
southwest and ~0.5 kpc northeast of the nucleus (assuming a distance of 20 Mpc with Ho = 50 km s~!
Mpc™!). When a point source is subtracted from the nucleus of NGC 4151, the extended, bipolar X-rays peak
in brightness ~425 pc southwest of the nucleus and ~280 pc northeast of the nucleus. The extended emission
accounts for at least 31% of the total 0.1-2 keV ROSAT HRI flux (19% from the southwest quad’rant, 12%
from the northeast and constitutes roughly half of the total soft X-ray excess emission observed with other
X-ray detectors. The soft X-ray excess in NGC 4151 has been modeled recently as containing both variable
and constant flux components. We suggest that the constant flux component of the soft excess emission orig-
inates in the spatially extended regions we have resolved. If the extended X-rays result from electron-scattering
of nuclear X-rays, the central source must emit anisotropically, and preferentially toward the extended X-rays
and the ENLR. Alternatively, the extended X-rays may represent thermal emission from a hot (T ~ 107 K),
outflowing wind which is in rough pressure equilibrium with the optical narrow-line-emitting clouds observed
over the same spatial scale.

NGC 3516 is elongated along a position angle of ~40°/220°, similar to the direction of the Z-shaped
narrow-line region. However, the azimuthally averaged radial brightness profile inside a radius of 10” is not
distinguishable from a calibration point source. Much or all of the elongation may result from residual errors
in the aspect solution, although an extended component associated with the ENLR is possible.

Mrk 3 is very faint in our HRI image and is probably spatially unresolved. We detect the faint X-ray source
~2' west of the Mrk 3 nucleus previously found by Turner, Urry, & Mushotzky. It is not known whether this
companion is physically associated with Mrk 3 although it does lie along a direction that is within ~1° of the
axis of the 2” nuclear radio jet.

We also detected the BL Lac object BL 1207+ 39 ~ 5" north-northwest of NGC 4151. This object appears
spatially unresolved, but some excess X-ray emission may be observed in the azimuthally averaged radial
brightness profile of BL 1207+ 39 between radii of 10” and 30" when compared to a calibration source. A
much deeper image is necessary to confirm this result.

Subject headings: galaxies: individual (NGC 3516, NGC 4151, Markarian 3) — galaxies: Seyfert —
X-rays: galaxies

{. INTRODUCTION

Spatially extended X-ray emission may be a common feature
among Seyfert galaxies (Elvis et al. 1990; Wilson et al. 1992; see
Wilson 1994 for an overview). This is not surprising since high-
velocity outflows from active galactic nuclei (AGNs) should
generate hot gas behind shock waves that form in wind-cloud
interactions or through entrainment of interstellar gas by the
nuclear-driven jet. Gas may be heated to soft X-ray—emitting
temperatures by the compact nuclear UV-X-ray source. Syn-
chrotron emission or inverse Compton scattering by rela-
tivistic electrons may also produce extended X-rays. In

121

addition, X-rays generated in the compact active nucleus may
be scattered by circumnuclear electrons and be seen as an
X-ray “halo.” AGN outflows and nuclear radiation fields are
often observed to be collimated, so any of the above mecha-
nisms may generate extended X-ray distributions as well.

The interpretation of soft X-ray spectra and time variability
of AGNs will be complicated by the presence of spatially
extended X-rays. The spectra may reflect a composite of emis-
sion mechanisms and X-rays produced from outlying regions
will “dilute ™ any variability of the compact source. It is valu-
able, therefore, to map the spatial structure of the X-ray-
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ABSTRACT

We present and
Imager on the ROSAT X-ray Observatory in
source, circumnuclear extended (diameter =

similar to the starburst disk. The circumnuclear emission extends preferentially toward
direction as found in several other wavebands. We favor thermal emission from a hot (1

discuss an image of NGC 1068 with resolution 4"-5" obtained with the High Resolution
the energy band 0.1-2.4 keV. The map shows a compact nuclear
1.5 kpc) emission, and emission on a scale (diameter 213 kpc)

the NE, the same
0%-7 K), outflowing

wind as the source of the nuclear and circumnuclear emission. This hot gas has a similar pressure to that of

the optical line-emitting filaments in the lower density

narrow-line region, and may be responsible for their

confinement. The large-scale X-rays are probably dominated by emission from the starburst disk, although a
contribution from an extension of the nucleus-driven wind to large radii is possible. The X-ray spectrum of
the starburst disk is found to be harder than that of the nucleus. Emission from the starburst, rather than the

electron-scattered Seyfert nucleus, may
1068 in the 2-10 keV band. Recent modeling

optical depth to photoelectric absorption near 1 keV to be

be responsible for much of the hard spectrum emission from NGC
of the electron-scattering cone in this galaxy has required the

<1, but this constraint is unnecessary if most of

the X-ray emission comes from spatial scales comparable to the starburst and the narrow-line region.

Subject headings: galaxies: individual (NGC 1068) — galaxies: interstellar matter — galaxies: jets —
galaxies: nuclei — galaxies: Seyfert — X-rays: galaxies

{. INTRODUCTION

Studies of spatially extended, soft X-ray emission in active
galaxies may yield valuable information about the interaction
between the active galactic nucleus (AGN) and its surround-
ings. Thermal bremsstrahlung emission from hot gas shouid be
ubiquitous, for such gas may be generated in shock waves
produced through collisions between high-velocity clouds in
the narrow-line region (NLR), or through entrainment of inter-
stellar clouds in a radio jet, a radio lobe, or an outflowing
wind. Extended X-ray emission associated with AGN can also
result from synchrotron radiation or inverse Compton scat-
tering. X-rays generated by the compact, nuclear X-ray source
may be scattered by electrons in the interstellar medium and be
seen as an X-ray “ halo.”

The nearby (15 Mpc, for H, = 75 km s~! Mpc™ '), luminous
[(2-3) x 10! L] Seyfert galaxy NGC 1068 is an obvious
candidate for extended X-ray emission, for it contains high-
velocity (up to ~1000 km s ) gas clouds in the inner ~15"-
20" (1.1-1.5 kpc; e.g, Cecil, Bland, & Tully 1990) and a
“linear " radio source, with extent 13 (950 pc), which is appar-
ently fueled by collimated ejection from the active nucleus
(Wilson & Ulvestad 1982). Further, X-rays should be produced
by supernova remnants and X-ray binaries associated with the
luminous, 30" (2.2 kpc) scale, disk “ starburst " (e.g., Bruhweiler,
Truong, & Altner 1991; Telesco et al. 1984). Although the

! Guest Observer, ROSAT Observatory.
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spectrum of the integrated X-ray emission of NGC 1068 has
been measured (Monier & Halpern 1987; Elvis & Lawrence
1988), no studies of its spatial distribution have been published.

A quite different motivation for searching for extended, soft
X-ray emission from NGC 1068 is related to the properties of
the nuclear, electron scattering zone. Antonucci & Miller
(1985) found that the spectrum of NGC 1068 (classically a
Seyfert galaxy of type 2) in linearly polarized light resembles
the spectrum of a Seyfert 1 galaxy. They proposed that the
galaxy contains a Seyfert 1 nucleus blocked from direct view by
a thick torus, but rendered visible through scattering by a
cloud of electrons along the axis of the torus. Miller, Goodrich,
& Mathews (1991) have inferred an electron temperature of
less than 3 x 10° K for the scattering cloud from limits to
broadening of HB by the scattering. This low temperature must
be reconciled with the high level of ionization implied by the
absence of photoelectric absorption in the X-ray spectrum
(Elvis & Lawrence 1988) and by the observed energy of the Fe
K« line (Koyama et al. 1989). As described in detail by Miller
Goodrich, & Mathews (1991), models satisfying these contrast-
ing constraints are possible, but the range allowed for the
physical parameters describing the scattering zone is uncom-
fortably small. The constraints would be eased if some of the
X-ray emission originates from larger scales than the scattering
zone, and therefore does not have to pass through it.

In order to image NGC 1068 in soft X-rays, we have
observed it with the High Resolution Imager (HRI) on the
ROSAT X-Ray Observatory. The galaxy was observec
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ABSTRACT

We'present Lhe results of ROSAT PSPC observations of three AGN with extremely strong
Fe Il emission (PHI 1092; IRAS 07698+6508; 1 Zw 1) and two AGN with very weak Fe l
cmission (MKN 10 and MKN 110). The weak Fe Il emitters have X-ray spectra typical of
Type 1 AGN (« = 1.35 and 1.41, where a is the spectral energy index). Of the strong Fe 1]
emitters, two have steep spectra (PHL 1092 has a = 3.5 and | Zw 1 has a = 2,0) and the
third, IRAS 07598+6508 is burcly detected and so is extremely X-ray quiet (a,e = 2.45).
During our observations, PIIL 1092 varied by a factor of four, unnusually fast for such a
high luminosity object, and reguiring an elficiency of matter-to-energy conversion of 2% or
more. Compiling recently published data on other strong Fe H emitters we find that they
are always X-ray yuiet, and usually X-ray steep.

Adding these data to the complete UVX selected yuasar sample of Laor et al (1994) we
find a correlation of Fo II/I1F with a;. in the sense of a strong statistical connection, but
nol a simple relationship @ weak Fe 1 emitters always have llat spectra, but strong Fe 1
entitlers can be either flat or steep. A much cleaner relationship exists between Fe I
strength and X-ray loudness, as quantified by a;;, the spectral index between 1pm and 2
keV. We also conlirm that Fe b1/118 anti-correlates with Balmer fine velocity width, which

in turn correlates well with both a, and a;, in the sense that AGN with narrow lines are
X-ray quict. We abso show that Fe H/HA correlates with both optical continuum slope,
and the curvature of Lhe optical-UV-X-ray continuum ; strong Fell vbjects have steeper
continua and weaker “Blue Bumps”. The amount of extinction required to explain the
optical steepening compared to normal quasars (E(1-V) in the range 0.2 10 0.6) suggests
absorbing columns in the range 1 — 3 x 10 cin~3, just aboul the right amonnt to reduce
the ROSAT band X-ray flux by enough to explain the cosrelation with «;.. However the
spectral shapes observed in the ROSAT band are not cousistent with a simple absorption
model.

Three objects in our Lotal sample of 19 stand out persistently in all correlations : MKN 231,
IRAS 0759846508, and MKN 507. luterestingly, two ont of three are known to have low
ionisation broad absorption lines in the UV, and the third (MKN 507) has uo UV spectrum
available. Furthermore low-ionisation broad absorption fines are at least an order of mnagni-
tude more common in strong Fe Il emitters than in quasars in general. Overall, continuum
shape and blue shifted absorplion should be added to the intriguing cluster of properties
which all vary loosely together, and which has been isolated as “eigen vector 1” by Boroson
and Green (1992) : Fell strength, velocily width, narrow line strength, and line asymmetry.
We suggest that the underlying parameter is the density of an outflowing wind.

1 Imtroduction

The Fe II emission lines which dominate the optical-UV spectra of many AGN present a
worrying puzzle in several ways. (i) ‘The total Juminosity in Fe Il emission often exceeds the
available ionising luminosity implied by the strength of Lya (Netzer 1985; Collin-Soufrin
1986). (ii) All photo-ionisation models attempted so far have failed to replicated the strength
of Fe 1l relative to the Balmer lines (sce Joly 1993 and references therein). (iii) ‘The rela-
tive strength of Fe H emission varies widely amongst different AGN, and shows intriguing
correlations with other AGN properties : X-ray slope (Wilkes Elvis and Mchardy 1988),
Balmer line velocily width (Gaskell 1985; Zheng and O’Brien 1990, Boroson and Green
1992), radio loudness (Osterbrock 1977, Grandi and Osterbrock 1978, Bergeron and Kuuth
1984), and, within radio Joud objects, core dominance (Joly 1991). These correlations have
been questioned however (¢.g. Boroson 1989, Zheng and O’Brien 1990), and are perhaps
not simple dependencics, but rather, statistical tendencies. As they seemn to be important
clues to the AGN phenomenon, it is important to clarify their reality and nature.

Over the last decade a handful of vbjects have been discovered which have “super-strong”
Fe I emission (Bergeron and Kunth 1980; Lawrence et al 1088; Lipari et al 1991). We
quantify Fe 1l strength throughout this paper by the quantity Rp. gy = Fe Il 4570/M8, i.e.
the relative fluxes in the 45704 feature (made up of transitions from multiplets 37 and
38), and in HpB. Because standard photo-jonisation models tend to have Fe 11 and Balmer
lines tracking cach other (eg. Joly 1987), this is the must challenging quantity to test.

2
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ABSTRACT

We present evidence for X-ray absorption by ionized oxygen in ASCA spectra of the
prototype infrared quasar IRAS 13349+2438. This powerful (Lpo 2 2 x 10* erg s~1)
quasar was studied in detail with ROSAT, and the combination of the X-ray data and
optical/near-infrared spectropolarimetry strongly suggested the presence of a dusty
ionized (‘warm’) absorber along the line of sight to the central X-ray source. The ASCA
spectra, in contrast to an earlier claim, show evidence for ionized oxygen edges, and the
presence of such edges appears to provide the most physically plausible interpretation
of the data. Thus, the ASCA spectra support the dusty warm absorber hypothesis. The
ASCA data also allow the physical properties of the warm absorber to be constrained
far better than before. A one-zone warm absorber model indicates the ionized column
to be in the range (2-6)x10?! cm~2, and it gives an ionization parameter of £ =
31112 erg cm s~!. The dusty warm absorber appears to have a density of < 3 x
102 cm™3, and it is probably located outside the broad-line region. The dust in the
warm absorber does not appear to have been heavily sputtered or destroyed via other
means. Based on the ASCA fitting, we suggest that ultraviolet absorption lines from
the warm absorber may be detectable and discuss how they can be used to further
constrain the warm absorber properties. We compare and contrast the X-ray properties
of IRAS 1334942438 with those of broad absorption line quasars. We comment on the
steep > 2 keV continuum of IRAS 1334942438 and examine the relevance to some
models of radiative Fe 11 formation.

Key words: galaxies: individual: IRAS 1334942438 - galaxies: active — X-rays:
galaxies.

1 INTRODUCTION

IRAS 1334942438 (z = 0.107) is the prototype infrared
quasar with high polarization (Beichman et al. 1986; Wills
et al. 1992, hereafter W92). It is radio quiet and has a
bolometric luminosity of 22 x 10 erg s™'. W92 pre-
sented a detailed model for the optical and near-infrared
Light paths in IRAS 1334942438 in which we are viewing
the combination of a direct, but attenuated, quasar spec-
trum and a scattered spectrum. They found an attenuation
of at least E(B — V) = 0.3, which corresponds to an X-ray
absorption column density of X 1.7 x 10*! ecm™2 assum-
‘ing the mean Galactic dust-to-gas ratio (see equation 7 of

* Current address: The Pennsylvania State University, Depart-
ment of Astronomy and Astrophysics, 525 Davey Lab, University
Park, Pennsylvania 16802, USA
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Burstein & Heiles 1978). Brandt, Fabian & Pounds (1996,
hereafter BFP96) used ROSAT Position Sensitive Propor-
tional Counter (PSPC) and Wide Field Camera (WFC) data
to test the W92 model. IRAS 1334942438 was very bright
for the PSPC, being seen at up to 5 count s~} . BFP96 found
large-amplitude X-ray variability and a high X-ray luminos-
ity which argued against the possibility that most of the
X-rays were scattered to Earth around the attepuating mat-
ter of W92 (barring an extremely unusual X-ray scattering
‘mirror’). Furthermore, they found that the ROSAT spec-
trum constrained the intrinsic X-ray absorption column of
neutral matter to be about 35 times smaller than expected
based on the optical/near-infrared extinction. To reconcile
this large discrepancy, BFP96 invoked a dusty warm ab-
sorber, in which the dust causing the optical extinction is
embedded in ionized, rather than neutral, gas. This reduced
the expected X-ray absorption greatly and thereby allevi-



Abstract

We discuss several models of quasar big blue bump emission in color-color and
color-luminosity diagrams. We define several broad passbands: IR (0.8 —1.6pm), VIS
(4000 — 80004 ), UV (1000 — 20004), UV1(1400 — 2000A) and UV2 (1000 ~ 14004),
SX(0.2-0.4 keV). The colors have been chosen to investigate characteristics of the
big blue bump: (1) IR/VIS color represents the importance of the IR component
and shows the contribution around ~ lum; (2) UV/VIS color shows the slope of
the big blue bump: in a region where it dominates a higher value means the bump
gets steeper; (3) the combination of IR/VIS/UV colors shows the relative strength
of the big blue bump and the IR component; (4) UV1/UV2 color is important as an
indicator of a flattening of the spectrum in this region and the presence of the far-UV
turn-over. (5) UV/SX tests the relationship between the big blue bump and the soft
X-ray component. All colors are needed to investigate the range of model parameters.

We describe the colors for several models: accretion disk models in
Schwarzschild and Kerr geometries, single temperature optically thin emission, com-
bination of the main emission model and non-thermal power law or dust, irradiation
of the disk surface. We test models against the sample of 47 low redshift quasars
from Elvis et al. (1994, Paper I). We find: (1) modified blackbody emission from an
accretion disk in a Kerr geometry can successfully reproduce both the luminosities and
colors of the quasars except for the soft X-ray emission; (2) no additional components
(hot dust or power law) are needed to fit the optical-UV colors when the irradiation
of the surface of the disk is included in the model; (3) even modest (10%) irradiation
of the surface of the disk modifies significantly the optical colors; (4) the simplest,
single temperature, free-free models need either an additional component or a range
of temperatures to explain the observations.

Tables of predicted colors for each model family are provided on the AAS
CD-ROM.
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INTRODUCTION

ABSTRACT

X-ray, UV and optical spectra are presented for a rare, EUV-bright Seyfert galaxy
RE J1034+396 (z=0.042). When combined, these data describe a very-higl
temperature big blue bump (BBB; kT, ~100 eV) whose high energy turnove
is observed in soft X-rays. The soft X-ray/UV flux ratio is extremely high, Lgsv
L3004~ 10, compared to AGN in general whose ratio is usually less than 1. Th
optical/UV continuum betrays no trace of the BBB or the host galaxy. It rises steepl:
to the red, and is consistent with an underlying far-IR to X-ray power law with a
index of ~ 1.3. This may represent the first direct identification of an optical power
law component in a non-blazar AGN. We compare the optical to soft X-ray spectrur.
of RE 11034 + 396 with three mechanisms for the production of the BBB: &
optically thick accretion disc (AD); optically thin emission from a hot plasma; an
reprocessing in cool clouds. A thin AD can reproduce the observed spectrum of R}
71034+ 396, but a free-free spectrum predicts too much flux in the UV. Th
reprocessing of a non-thermal continuum is only possible if there is a steep brea
between ~60 and 1000 A; a reprocessed free-free spectrum is an alternative. W
compare the data with those of the high-redshift quasar E1346 + 266, whose BBI
component is similar in shape, but 200 times stronger than that of RE J1034 + 396..
simple, thin AD is ror appropriate for E 1346 + 266 because of its high luminosit;
but, when electron scattering is taken into account, an adequate representation i
obtained for a black hole mass M= 2.3 x10® M, with an accretion rate of 27 M
yr=! (L/Lggg~2). Optically thin (Tyren=7X 10°K) emission and reprocesse
free—free are also possible for E1346 + 266.

Key words: accretion, accretion discs - line: formation - galaxies: active - galaxie
individual: RE J1034 + 396 - galaxies: Seyfert ~ X-rays: galaxies.

A complete description of the BBB has been frustrated t
the lack of data in the extreme ultraviolet (EUV), where tt

A universally acceptable explanation for the origin of the ‘big
blue bump' (BBB) in active galactic nuclei (AGN) has proved
1o be elusive. This feature dominates the spectra of most non-
blazar AGN (e.g. Edelson & Malkan 1986; Elvis et al. 1994).
It is usually seen rising through the optical and UV, and the
soft X-ray excess (e.g. Turner & Pounds 1989; Walter & Fink
1993; Thompson & Cdrdova 1994) is believed to be its
high-energy tail. It contains the bulk of the bolometric
luminosity of the spectrum, therefore understanding its
origin and its effect on the environment are essential for
developing realistic models of the central engine in AGN.

peak lies. EUV photons are very readily absorbed by t
neutral and ionized gas that lies in our own Galaxy and in t
regions local to the AGN themselves. Detections of AGN't
the ROSAT Wide Field Camera (WFC; Wells et al. 199(
which is sensitive between ~ 60 and 200 eV, were restricte
10 Galactic column densities below 2 X 10** cm™~2 Noneth
less, five Seyferts, RE J1034+396, Mrk 478 QS
1440 + 356), RE J1237+267 (1C3599, Zw 159.034), R
12248 - 511 and RE J1337 + 243 were observed (Pounds
al. 1993; Mason et al. 1995).

We present observations of one of these rare EUV-brig




Abstract

Eight high signal to noise ROSAT PSPC observations of six low-redshift
(0.048<2<0.155) radio-quiet quasars have been analyzed to study any soft excess.
All the spectra can, at least roughly, be described in the 0.1-2.5 keV band by simple
power laws reduced at low energies by Galactic absorption. The strong oxygen edges
seen in the PSPC spectra of several Seyfert galaxies and quasars are not observed
in this sample. The limits implied for the amount of absorbing gas intrinsic to the
quasars are particularly tight: of the order of ~ 10 cm~2 The range of energy
indices is broad: 1.3 < ag < 2.3. The energy indices are systematically steeper
than those found in the same sources at higher energies (by Aag ~ 0.5 — 1 with
respect to Ginga or EXOSAT - 2-10 keV - measurements, and by Aag ~ 0.5 with
respect to IPC - 0.2-3.5 keV - measurements). This suggests a break between the
hard and soft components in the “keV" region, and therefore that the PSPC spectra
are strongly dominated by the soft components. In fact. a fit to the composite. high
signal-to-noise, spectrum reveals a significant excess above ~ 1 ke\” with respect
to the simple power law model. No evidence for strong emission lines is found in
any of the quasars. This argues against emission from an ionized plasma as the main
contributor to the soft X-ray component unless there is a distribution of temperatures.
If the soft X-ray spectrum of these quasars is dominated by radiation reflected by the
photoionized surface of an accretion disk, the absence of strong emission lines stiggests
high ionization parameters and therefore high accretion rates.

We include in two Appendices a comparison of the two official PSPC resolution
matrices, those released on March 1992 and on January 1993. a discussion of the
amplitude of the residual systematic uncertainties in the January 1993 matrix. and a
comparison between the PSPC and IPC spectra of a sample of sources.

Subject headings: Quasars - X-ray: Spectra
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We have performed optical spectroscopy to search for
a hidden population of red, absorbed quasars. Bright,
radio-quiet, optically-red X-ray sources were selected
from the ROSAT WGA catalog, and the APM Catalog.
Of 52 objects observed, we have found 5 red quasars with
Qopt > 2. They have moderate redshifts (0.06<z<0.31)
and luminoisites. These red quasars provide the first
evidence for a radio-quiet population that is the coun-
terpart of the radio-loud red quasars found by Smith
and Spinrad (1980), and Webster et al. (1995). For all
these red quasars, Ha/Hf > 5 suggesting that they
are absorbed (Ay > 2), rather than having intrinsi-
cally steep spectra. Even this moderate amount of ex-
tinction hides ~10% of quasars. Red quasars appears to
be more frequent in fainter sources and so it is likely
that there exists a larger population of more absorbed,
fainter quasars.

Sample Selection

From the WGA catalog (White et al. 1995), we se-
lected sources that are (1) X-ray bright (fx > 1013
erg sec”! cm~2), (2) well-detected with SNR >10 and
DQFLAG >5, (3) within r=18' from the detector cen-
ter, (4) |b] > 20°, and (5) unidentified. To effectively
exclude Galactic sources, we required a,r > 1.8 and
finally selected only those with red optical APM coun-
terparts (O — E > 2). Of ~70,000 sources in WGACAT,
970 sources (~1%) satisfy the 5 criteria listed above.
10% of them, a mere 0.1% of WGACAT sources, also
have a,- > 1.8 and O — E > 2. We have observed and
identified 52 of these red sources.

F, (erg sec™! cm? Hz"1)

wavelength (1)

Observations and Results

Of 52 sources observed 7 are quasars with red optical
colors. Although all the sources were selected based on
optical O — E color, 2 quasars have relatively flat optical
continuum shapes, either because of line emission, or un-
certainties on the APM maenitides. We measured the

optical continuum power law slopes, excluding strong
emission lines, and found values of ap: (F, ~ v=%»t)
from 0.9 to 2.6. Five quasars have steep optical contin-
uum spectra (aepe > 2), while the remaining 2 quasars
are intermediate (aope = 1 - 1.5). Figure 1 shows the
mean spectra of two groups (the top one with aope > 2
and the bottom one with a.: < 2).

These two groups also differ in their HS line strengths
(see Figure 1). The group with the steep optical con-
tinuum have strikingly weak H 3 line or an upper limit,
whereas the group with a relatively flat continuum show
strong Hf emission. For all 5 quasars with a,p > 2,
Ha/HB > b, whereas the line ratios of the remaining
2 quasars are smaller. Using Ha/Hf as a measure of
optical extinction, we find Ay > 2. ,

Discussion

Both the continuum slopes and the Ha/H 8 ratios of
these red quasars suggest that they are absorbed (Ay >
2 mag), rather than having intrinsically steep spectra.
Moreover, the occurrence of red quasars appears to be
3-4 times higher for O > 19 mag than for O < 19 mag,
as would be expected if they are absorbed.

The five reddest quasars are all radio-quiet and pro-
vide the first evidence for a radio-quiet population that
is the counterpart of the radio-loud red quasars found
by Smith and Spinrad (1980) and Webster et al. (1995).

Webster et al. (1995) suggested that 80% of radio-loud
quasars had been missed by optical surveys, due to dust
absorption. In our small sample, we estimate that the
red quasars consists of about 4% of AGN (Fx < 10~13
erg cm™2 sec™! and O 20 mag), increasing to ~10% at
the same unabsorbed X-ray flux (assuming the ROSAT
logN-logS curve, Hasinger et al. 1993). Apparently even
a moderate amount of extinction (Ay > 2 mag) already
hides 10% of quasars from optical color surveys. ASCA
source counts in harder X-rays (e.g., Ueda 1997) indi-
cate that larger Ay is common. To estimate an accu-
rate fraction of this hidden population, particuarly as
a function of redshift and luminosity, needs study of
more heavily absorbed and fainter objects. Potentially,
red quasars could dominate all quasar populations, re-
gardless of radio-loudness.
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1. Introduction

Absorption features from ionized gas are common in the
X-ray spectra of Seyfert galaxies (Reynolds, 1997), but
rare in the higher redshift, higher luminosity quasars
(Laor et al., 1997). Main characterist of warm absorber
are strong OVII and OVIII edges at 0.74 and 0.87 keV
(rest frame). The absence of absorption (either “cold”
or “warm”), in high luminosity quasars could reveal an
intrinsic property of this class of AGN. For example,
AGN absorbers may all lie at a similar distance from
the central source, so that the brighter UV-X-ray con-
tinuum in quasars photoionizes the gas, making it more
transparent in the X-rays.

In this work we analyze the X-ray colors of a large
sample of sources from the WGACAT, to select new
warm absorbed quasar candidates. In both identified
and unidentified source samples we search for sources
with a deficit of counts in the 0.5-1 keV energy range.
We look for possible optical and radio counterparts of
these sources, in the POSS, UK Schmidt, NVSS and
FIRST surveys. We use the optical and radio data to
further screen the sample of unidentified sources from
stars and galaxies.

1.1.

We selected from the WGACAT (White, Giommi & An-
gelini, 1994) well detected sources in two radial bands,
an inner region (avoiding the target) for which good X-
ray positions can be found, and an outer band in which
a radio identification can pinpoint the optical counter-
part. We used only sources that: (a) have good detection
quality (i.e. QFLAG> 5); (b) are far from the PSPC
support structures and at offaxis angles smaller than
40’ (i.e. excluding detections with 18’ < o7y < 24'
and 6,77 > 40'); (c) have a signal to noise ratio (SNR)
greater than 15. This gives two samples of 773 AGN and
1530 UNIDENTIFIED sources.

We examined the two ROSAT-PSPC energy spectral
indices as(0.1 — 0.8 keV), and ay (0.9 — 2.4 keV) (ob-
tained correcting the respective colors for the vignetting,
PSF effects and Galactic absorption). We then selected
sources with: 0 < ag < ll,as > 1.3, Aasy <
0.2, (forsy < 18), Aasy < 0.3, (24 < b5y < 40'.
There are 27 AGN, and 54 UNIDENTIFIED sources
which satisfy these criteria. AGN: ~ 50% of the sources
in our AGN sample are well known warm absorbers, and
3 out of the 13 remaining sources are new warm absorber
candidates (see Table 1). UNIDENTIFIED: 5 out of

the 54 sources have hoth antical and radio connternarts

Sample Selection

in the POSS, UK Schmidt, NVSS and FIRST surveys.
All these candidates have high X-ray to optical ratios
indicative of AGN (Maccacaro et al., 1988).

1.2.

We performed full spectral fit analysis of the 5 radio-
loud unidentified sources and of 3 AGN not previously
reconized as warm absorbers, using first a simple power
law model (Model 1), and then adding either a phisical
warm absorber model (built with CLOUDY, Ferland,
1996), or an absorption line (Model 2). In all but one
case the addition of a warm absorption component im-
proves the x?.

Spectral Fits

1.3. Conclusion ,

We used the X-ray color technique to select objects with
PSPC spectral shapes markedly departing from a sim-
ple power law, and suggesting the presence of absorption
edge features in the 0.5-1 keV energy range. We searched
for optical and radio counterparts of the unidentified
sources, and used these data to screen the sample from
stars and normal galaxies. We found 5 unidentified
sources with a radio counterpart (and quasar candidates
on the basis of their X-to-optical ratio), and 3 not yet X-
ray studied AGN. All these sources but 1 show absorp-
tion features by warm gas in their PSPC spectra, thus
greatly expanding the sample of already known warm
absorbed quasars.
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ABSTRACT

We report the recent discovery of 10 BL Lac objects in the Einstein IPC Slew Survey by means of X-ray/
radio versus X-ray/optical color-color diagrams and confirming optical spectroscopy. These 10 BL Lac objects
were discovered using a technique proposed by Stocke et al. which exploits the characteristic broad-band
spectra of BL Lac objects. New VLA detections provide accurate fluxes [limiting f(6 cm) ~ 0.5 mJy] and ~1”
positions, facilitating the determination of an optical counterpart. All 10 new BL Lac objects show essentially
featureless optical spectra and lie within the range of radio/X-ray/optical colors of known X-ray-selected BL
Lac objects, when ~ 1 mag optical variability is included. We expect ~50 new BL Lac objects in total, from
complete optical follow-up of our now completed VLA work and recent Australia Telescope observations,
yielding a complete Slew Survey sample of ~90 BL Lac objects.

Subject headings: BL Lacertae objects: general — galaxies: active — galaxies: nuclei —
methods: observational — X-rays: galaxies — surveys

1. INTRODUCTION

BL Lac objects have been hard to find: in the 20 years
following the discovery of the first example (Schmitt 1968),
their numbers grew by only a factor ~10 (Véron-Cetty &
Véron 1991). By comparison, in the 20 years following the
discovery of quasars (Schmidt 1963) their numbers grew 500-
fold (Véron-Cetty & Véron 1991). The elusiveness of BL Lac
objects is due to the very lack of strong emission lines that
make BL Lac objects interesting. BL Lac objects account for
~2% (162 out of 7765) of sources in the Véron-Cetty & Véron
(1989) AGN catalog.

In the last few years, the nearly complete identification of the
Einstein Medium Sensitivity Survey (EMSS; Gioia et al. 1990;
Stocke et al. 1991) has allowed the discovery of three dozen
new BL Lac objects (Morris et al. 1991; Stocke et al. 1991).

Through this work, a reliable and efficient technique for iden-

tifying new BL Lac objects from X-ray survey data was devel-
oped (Stocke et al. 1989). This paper reports the extension of
this technique to the Einstein Slew Survey (Elvis et al. 1992).
Using this technique, 10 BL Lac candidates were identified, all
10 of which have now been confirmed spectroscopically. These
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versity of Arizona.

? Visiting Astronomer at the National Radio Astronomy Observatory
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are the first results of a new, uniformly selected, sample of
85-90 bright BL Lac objects.

2. AN X-RAY/RADIO/OPTICAL TECHNIQUE FOR IDENTIFYING
BL LAC OBJECTS

The key to finding BL Lac objects is to exploit their salient
characteristics:

First, all BL Lac objects are radio-loud [ago > 0.3, ie,
f(6 cm) > 1 mly for V < 20; Stocke et al. 1990]. For this
reason, radio surveys with follow-up optical spectroscopy (e.g.,
Kiihr et al. 1981), have been considerably more efficient than
optical surveys (~ 1%). Also, based upon X-ray observations of
many BL Lac objects, there is strong evidence that all BL Lac
objects are X-ray-loud (e.g., Schwartz & Ku 1983). Thus, X-ray
surveys can be similar to radio surveys in their efficiency at
finding BL Lac objects (Stocke et al. 1991; Schwartz et al.
1989).

Second, all BL Lac objects have distinctive X-ray/radio/
optical colors (Stocke et al. 1991). Thus, X-ray surveys, com-
bined with radio and optical data, have been shown to be the
best approach thus far to find BL Lac objects (~80% effi-
ciency; Stocke et al. 1989, 1991; Morris et al. 1991).

Third, the surface density of X-ray-selected BL Lac objects
flattens at fluxes below 10712 ergs s~! cm ™2 (Wolter et al.
1991). Therefore, wide-angle (all-sky) surveys are better for
detecting BL Lac objects than narrow-beam, deep surveys.
Because the EMSS covers only 2% of sky, a shallower, wide-
angle X-ray survey, e.g., the Einstein Slew Survey, would be
expected to find more BL Lac objects. The Slew Survey, con-
structed from 2799 individual slews of the Einstein Imaging
Proportional Counter (IPC), covers 50% of sky at an exposure
time of 6 s (Elvis et al. 1992). The Slew Survey contains 819
total sources, having 12 positional uncertainty (30%
confidence), most of which (78%) are identified with stars,
emission-line AGNs, BL Lac objects, and clusters. Of the 193
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ABSTRACT

We present an analysis of the statistical properties of Mg IT absorbers found
in the spectra of 56 intrinsically faint, steep-spectrum radio quasars. We observe
for the first time a significant excess of associated Mg II absorbers over the
number expected from cosmologically distributed absorbers. This result is in
contrast to previous Mg II surveys in wkich the QSOs were optically selected.
This distinction is similar to the result for associated C IV absorbers, in which
intrinsically faint, steep-spectrum quasars show excess associated absorption
and intrinsically bright QSOs (both radio-loud and radio-quiet) do not show an
excess.

From our spectra a statistically complete list of absorption lines is derived
and we find 29 Mg II absorbers, 18 of which have not been previously reported.
We also determine several characteristics of the quasar emission lines in our
spectra. The Mg II absorber distribution as a function of redshift and equivalent
width is calculated for our sample alone and from our sample combined with
spectra from other surveys. For the redshift distribution n(z) = n(1 + z)”, we
obtain using the combined sample the values v = 1.11 & 0.46 for Wpin = 0.6A
and v = 2.47 £ 0.68 for Wp,;, = 1.0 A. We find that the distribution of strong
absorbers is inconsistent with no evolution at a confidence between 2.2 to 2.9-0,
depending on the deceleration parameter go. The discrepancy from no evolution
is similar what had been previously reported.

Subject headings: quasars: absorption lines
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ABSTRACT

We report on the first results obtained from a new optical identification programme
of 123 faint X-ray sources with §(0.5-2keV) > 2 x 10~ ergs~! cm™? serendipitously
detected in ROSAT PSPC pointed observations. We have spectroscopically identified
the optical counterparts to more than 100 sources in this survey. Although the majority
of the sample (68 objects) are QSOs, we have also identified 12 narrow emission line
galaxies which have extreme X-ray luminosities (10° < Lx < 10*% ergs™!). Subsequent
spectroscopy reveals them to be a mixture of starburst galaxies and Seyfert 2 galaxies in
approximately equal numbers. Combined with potentially similar objects identified in
the Einstein Extended Medium Sensitivity Survey, these X-ray-luminous galaxies exhibit
a rate of cosmological evolution, Lx o (1 +2)2°*!0 consistent with that derived for
X-ray QSOs. This evolution, coupled with the steegp slope determiped for the faint
end of the X-ray luminosity function (®(Lx) oc Ly'?), implies that such objects couid
comprise 15-35 per cent of the soft (1-2keV) X-ray background.

Key words: galaxies: active — quasars: general — galaxies: Seyfert — galaxies: starburst

- X-rays: galaxies.

1 INTRODUCTION

The launch of ROSAT has provided a new opportunity to
resolve the soft (0.5-2keV) X-ray background (XRB) down
to flux levels five times fainter than achieved with the deepest
pointings performed by the Einstein satellite (Griffiths et al.
1992). At these levels (S ~ 2 x 10~ ergs~! ecm™?) almost 60
per cent of the XRB is resolved (Hasinger et al. 1993) and,
at the current limit of the follow-up optical identification pro-
grammes (S ~ 4 x 10~%ergs~! cm~2, Georgantopoulos et al.
1995), QSOs account for the majority (~ 75 per cent) of the
extragalactic sources. However, fluctuation analyses (Hasinger
et al. 1993; Georgantopoulos et al. 1993) and differences be-
tween the X-ray spectra of QSOs and that of the background
(Georgantopoulos et al. 1995) suggest that these QSOs are
unlikely to contribute more than ~ 50 per cent of the 1-keV
background and probably do not cofaprise more than ~ 20
per cent of the XRB at harder energies (2-10keV), the energy
range at which the XRB was first discovered (Giacconi et al.
1962). Indeed, at faint flux levels, § < 10~“ergs~! cm=?, the
spectroscopic observations of Georgantopoulos et al. (1995)
tentatively identify an increasingly large fraction of galaxies as
counterparts to X-ray sources.

Unfortunately the low flux levels currently employed in
both the X-ray and optical regimes make optical identification
difficult and positional coincidence hard to establish conclu-
sively (e.g. Georgantopoulos et al. 1995). By slightly increasing

the flux limit and extending any survey over a wider area, it
may be possible to identify the brighter members of any new
class. We have therefore carried out an optical identification
programme of X-ray sources detected by ROSAT at a level
intermediate in flux, $(0.5—2keV) = 2x 10 Mergs~! cm™?, be-
tween the deepest ROSAT surveys and the Extended Medium
Sensitivity Survey (EMSS, see Stocke et al. 1991) performed
with the Einstein satellite at a flux limit S(0.3 — 3.5keV) ~
1 x 107Bergs~ cm™2. The sources in our survey were de-
tected *serendipitously’ in existing PSPC fields available in the
ROSAT archive, originally taken to study the X-ray properties
of known targets (QSOs/CVs/galaxies). The optical counter-
parts of these X-ray sources were identified spectroscopically
with the William Herschel Telescope (WHT). A full description
of the survey and catalogue will appear elsewhere (McMahon
et al, in preparation, hereafter M95). In this paper we report
on the discovery of a significant number of narrow emission
line galaxies in the survey. In Section 2 we briefly describe
the selection of the X-ray sources, the optical identification
procedure and the spectroscopic observations. We discuss our
results in Section 3 and present our conclusions in Section 4.

2 OBSERVATIONS
2.1  X-ray source detection

Objects in the Cambridge-Cambridge ROSAT Serendipity Sur-
vey (CRSS) were detected as serendipitous X-ray sources in
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ABSTRACT

We present the results of an intermediate-resolution (1.5 A) spectroscopic study of 17
X-ray-luminous narrow emission-line galaxies previously identified in the Cambridge—
Cambridge ROSAT Serendipity Survey and the Einstein Extended Medium Sensitivity
Survey. Emission-line ratios reveal that the sample is composed of ten Seyfert and
seven starburst galaxies. Measured linewidths for the narrow Ha emission lines lic
in the range 170 — 460kms™!. Five of the objects show clear evidence for asym-
metry in the [Om]A5007 emission-line profile. Broad Ha emission is detected in six
of the Seyfert galaxies, which range in type from Seyfert 1.5 to 2. Broad H emis-
sion is detected in only ome Seyfert galaxy. The mean full width at half maximum
for the broad lines in the Seyfert galaxies is FWHM = 3900 + 1750kms~!. Broad
(FWHM = 2200 + 600km s™!) Ha emission is also detected in three of the starburst
galaxies. This emission could originate from stellar winds or supernova remnants. The
mean Balmer decrement for the sample is Ha/Hf = 3, consistent with little or no
reddening for the bulk of the sample. There is no evidence for any trend with X-ray
luminosity in the ratio of starburst galaxies to Seyfert galaxies. Based on our previous
observations, it is therefore likely that both classes of object comprise ~ 10 per cent of
the 2-keV X-ray background.

Key words: galaxies: active — quasars: general — galaxies: Seyfert — galaxies: starburst

— X-rays: general.

1 INTRODUCTION

A number of recent spectroscopic surveys of soft (0.5-2keV)
X-ray sources detected at faint fluxes with the ROSAT mis-
sion (Boyle et al. 1995; Georgantopoulos et al. 1995) have
all confirmed that, while QSOs comprise in excess of 50 per
cent of the total X-ray population down to these flux lev-
els, an increasingly large number of X-ray-luminous, narrow
(FWHM < 1000kms~!) emission-line galaxies (NLXGs) are
identified as counterparts to faint X-ray sources with fluxes
§(0.5— 2keV) < 10~ ergs~'cm™2. These galaxies have X-ray
luminosities in the range 10°2 — 1045 ergs~!, over 100 times
more luminous than late-type galaxies (Fabbiano 1989) which
exhibit similar low-resolution optical spectra. In a previous
paper in this series (Boyle et al. 1995; hereinafter Paper I),
we have demonstrated that, based on their space density and
cosmological evolution, these emission-line galaxies could com-
prise between 15 and 30 per cent of the soft 0.5-2keV X-ray
background. This is entirely consistent with the upper limit of
~ 50per cent for the contribution of QSOs to the 0.5-2keV
X-ray background, based on their luminosity function (Boyle
et al. 1994), clustering properties (Georgantopoulos et al. 1993)
and X-ray spectra (Georgantopoulos et al. 1995).
Unfortunately, due to the poor quality of many of the

identification spectra, little is known about the precise nature
of this population. In particular, it is not clear whether these
emission-line galaxies are examples of starburst galaxies or
‘hidden’ active galactic nuclei (e.g. Seyfert 2 galaxies), both of
which have previously been suggested as possible significant
contributors to the X-ray background (Griffiths & Padovani
1990; Fabian & Barcons 1992) and are known to exist in X-ray
surveys (c.g. Boller et al. 1992), albeit at much higher X-ray

flux levels and lower space densities. :

Ip order to understand the origin of this potentially sig-
nificant population of X-ray sources, we report in this paper
on a detailed intermediate-resolution spectroscopic study of 17
NLXGs, 10 of which have been identified in the Cambridge-
Cambridge ROSAT Serendipity Survey (CRSS, see Paper I),
and a further 7 objects selected at random from the Ein-
stein Extended Medium Sensitivity Survey (EMSS, Stocke et
al 1991) which we suspect are similar (Paper I). This sample
comprises all but two of the NLXGs identified in the CRSS
(CRSS1514.44+-5627 and CRSS1605.9+2554), which were not
observed due to lack of time.

In Section 2 we report on the observation and analysis
of the NLXG spectra. Based on the results obtained from
these spectra, we discuss the properties and classification of
the NLXGs in Section 3, including the implications for the

W W T T O E———



THE ASTRONOMICAL JOURNAL

VOLUME 105, NUMBER 6

A SAMPLE OF LOBE-DOMINATED QUASARS WITH Mg 1 ABSORPTION LINES

THOMAS L. ALDCROFT

Department of Physics, Stanford University, Stanford, California 943054060
Electronic mail: tla@ egreté.stanford.edu

MARTIN ELVIS

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138
Electronic mail: elvis@cfa.harvard.edu

JILL BECHTOLD
Steward Observatory, University of Arizona, Tucson, Arizona 85721
Electronic mail: jill @ astro.as.arizona.edu
Received 1993 January 19; revised 1993 February 12

ABSTRACT

We present a sample of quasars which are lobe-dominated in their radio emission and contain Mg It
absorption line systems. This sample will be useful in a search for redshifted H121 cm absorbers which
are along lines of sight different from the optical. These systems will allow the measurement of the linear
size and related physical parameters of the absorption line clouds. Since quasars appropriate for this
study are rare, building this sample requires a substantial database of radio and optical observations. We
have defined a set of criteria for selecting these objects and obtained the necessary data, from the
literature and from new optical and Very Large Array (VLA) observations, to assemble a sample based
on these criteria. Out of 4234 Quasi Stellar Objects (QSOs), we find 31 lobe-dominated quasars which
are appropriate for optical and radio absorption line study in the Northern hemisphere. We have
obtained or located optical spectra for 29 of these 31 quasars. In the optical spectra we find 17 Mgn
absorption systems, with redshifts between 0.3 and 1.4 and Mg 11 A2796 rest equivalent widths ‘between
0.3 and 2.0 A. Based on statistics of 21 cm absorption in Mg II selected QSOs we expect this sample of
17 systems to yield one or two new H I absorbers. In this paper we give an analysis of our criteria,
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discuss the sample, and present new VLA observations of 16 quasars.

1. INTRODUCTION

It is now widely accepted that Quasi Stellar Object
(QSO) metal line, damped Ly a, and H 121 cm absorption
systems arise primarily from clouds associated with inter-
vening galaxies. These systems exhibit a range of neutral
hydrogen column densities from less than 10'7 cm™2 to
more than 10%! cm—? (Petitjean ef al 1993, and references
therein). Comparing these column densities to values ob-
served in our Galaxy and nearby galaxies suggests that 21
cm absorption is most likely to occur in the disk whereas
metal line absorption can occur in the disk or extended
halo (Briggs & Wolfe 1983, hereafter BW). Statistical cor-
relations between Mg II and 21 cm lines as well as cloud
properties such as spin temperature, ionization levels, and
component line profiles corroborate this picture (Savage &
Jeske 1981; BW).

Despite the general success of this galactic absorption
interpretation, there still exist problems and questions to be
addressed. Foremost among these is the result that the
mean free path for absorption is much shorter than ex-
pected based on statistical studies and models of the prop-
erties of the absorbing galaxies. Even after adopting the
most extreme parameter values, the mean free path is still
three times too short for CIv (Sargent ez gl 1988) and
two times too short for Mg 11 (Sargent 1988) and damped
Ly a (Lanzetta et aL 1991). This is interpreted to imply
either that galaxy halos are much larger than convention-
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ally thought or that the number density of galaxies has
evolved. Recent work on imaging the absorbing galaxies
for redshifts less than about one (Bergeron & Boissé 1991;
Bergeron et al 1992; Steidel & Dickinson 1992) indicates
directly the existence of very large halos.

In addition to imaging techniques, one can learn about
the linear size of absorbers at any redshift when there are
two or more lines of sight intersecting the same system.
This is generally not the case, but quasars with lobe-
dominated extended radio emission provide distinct lines
of sight in the optical and radio. If we observe H1 21 cm
absorption at the same redshift as a known optical absorber
we can then begin to define the absorber properties. This
method is particularly useful because the typical angular
scales of extended radio emission are well matched to ga-
lactic angular scales. For instance, at z=1.5 (Hy=100A
km s~! Mpc~' and go=0), 5 arcsec corresponds to ~30
h~! kpc. In addition to probing the overall size of halo
absorbers, the presence of 21 cm absorption in a resolved
background provides a means of measuring the sizes of
individual absorbing clouds. This is done by analyzing the
absorbed 21 c¢m flux in relation to the radio source surface
brightness. In the case of 3C 196, Brown et al. (1988) were
able to conclude that the absorbing cloud is at least
2.25h~! kpc across, which is surprisingly large.

To make efficient use of radio telescope time, the ab-
sorbing system redshifts should be determined optically.

© 1993 Am. Astron. Soc. 2054
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ABSTRACT

Quasars and other active galactic nuclei (AGNs) are most likely powered by a massive black hole sur-
rounded by an accretion disk and inhabiting the core of a dense stellar cluster. Star orbits intersect the disk.
Hence, star-disk collisions are a daily (if not more frequent) occurrence. We consider the consequences of such
collisions and show that the “star tails™ of the disk material, accelerated by the encounter with the passing
star, can travel well above the disk and, therefore, are a natural candidate for the observed broad emission-

line regions.

Subject headings: galaxies: active — line: formation — quasars: general — radiation mechanisms: nonthermal

1. INTRODUCTION

Broad emission lines are one of the most conspicuous fea-
tures of nearly all active galactic nuclei (AGNs) (Krolik 1992;
Netzer 1990; Peterson 1988; Collin-Souffrin & Lasota 1988;
Krolik, McKee, & Tarter 1981). They must originate close to
the central powerhouse, in clumps of relatively dense, cool gas
irradiated by UV and X-ray continsum and located within a
fraction of a parsec from the massive black hole. This upper
limit on the distance is implied by the delay between the
changes of the continuum and the lines (Krolik 1992; Peterson
1988). It is also consistent with their width which is attributed
to the Doppler broadening due to the motion in the black hole
potential. Properties of the emitted radiation (Netzer 1990,
Peterson 1988) imply that the emitting clouds have densities of
10'° cm 3, are only partially ionized (i.c., have temperatures of
~10* K) and have sizes of ~10!? cm. They obscure and rera-
diate ~ 10% of the original output in a typical AGN.

The similarity of the properties of the broad-line emission
regions (BLR) observed in many different AGNs seems sur-
prising: AGNs differ by orders of magnitude in the total power
outputs, variability timescales, spectral features, etc., and,
therefore, are likely to be characterized by a wide range of
physical conditions in the central region. What process could
be immune to such a diversity of the environments?

The standard AGN paradigm (Holt, Neff, & Urry 1991;
Blandford 1990; Miller 1985) is focused on the *power
house " —the central black hole with a mass M ~ 10° M,
(Schwarzschild radius Rgy ~ 1.5 x 10'*Mg cm), and an accre-
tion disk with a mass of ~104-10° M and a radius ~10*
Rgy. Moreover, it is often assumed, especially in the dis-
cussions of fueling of AGNss (see, e.g., Blandford 1990; Binney
& Tremaine 1987 [§ 8.4], and references therein) that the AGN
engine exists in the center of a dense cluster with stellar den-
sities as large as N, ~ 10"-10® stars per cubic parsec. Of
course, neither this assumption, nor the other elements of the
standard paradigm can be verified directly. However existence
of dense clusters in the AGNSs is supported by persuasive indi-
rect evidence: nearby galaxies have central star clusters with
densities 105-10° M pc~> (Lauer 1989; Lauer et al. 1992;
Fabbiano, Fassnacht, & Trinchieri 1994, and references
therein) and often with a velocity distribution which suggests a

! Theoretical Astrophysics, T-6, MS B288, LANL, Los Alamos, NM 87545.
* Center for Astrophysics, Cambridge, MA 02138.

central black hole which might be a remnant of the “burned
out” AGN. Moreover, formation of black holes is difficult to
imagine unless the environment is rich enough to precipitate
collapse (Quinlan & Shapiro 1990). Thus, while existence of
dense stellar clusters enveloping the central powerhouse is an
assumption, of the three elements (black hole, disk, cluster) of
the model we shall discuss below, the star cluster is perhaps
least exotic and most directly supported by the observations.

Collisions between the cluster stars and the disk are not only
inevitable, but must be quite frequent (v ~ 10* yr~!). Their
consequences for the angular momentum of the disk (Ostriker
1983), for the luminous output of the AGN (Zentsova 1983), as
well as for the decay of stellar orbits intersecting the disk (Syer,
Clarke, & Rees 1991) were already investigated. Here we shall
pursue the ideas sketched by Zurek, Siemiginowska, & Colgate
(1991) and consider the fate of the disk material shocked and
accelerated by the passing star. We shall show that much of it
rises in a comet-like fashion as a star tail above the surface of
the disk. There the star tails evolve under the influence of the
gravitational pull of the black hole and the radiative push of
the emitted radiation. In this model the similarity of the
properties of the broad-line regions in different AGNs can be
therefore understood in part as a consequence of their
common origin, which is in turn tied to the relatively invariant
components of the AGN models.

Once above the disk, star tails will move under the influence
of gravity and radiation pressure. These two forces may alter
the distribution of velocities of the star tail matter—and, hence,
the shape of the broad lines—but as we shall see below, they
are unlikely to significantly change their spatial distribution: it
is difficult to imagine that star tails will be sufficiently long
lived to travel far in radius from where they were pulled out
from the disk. In the absence of any confining medium, their
lifetime will be of the order of the sound crossing time, as star
tails will expand and gradually become too tenuous for the
recombination to be effective. This expansion might be slowed
down or even halted in the hot medium presumably filling the
space above the disk, which may help confine them to the sizes
inferred from the observations. Magnetic fields—these per-
meating the space as well as those pulled out by the star tail
out of the disk—may also play a role. Alternatively—given
their “ birthrate ” and distribution as a function of the radius—
one may consider the possibility that the star tails are
destroyed as a consequence of expansion to densities at which
the rate of ionization by the flux from the central source can be

Al



Abstract

We present results of the modeling of thermal-viscous ionization instabilities
in accretion disks in AGN. This instability, analogous to the instability which drives
outbursts in cataclysmic variables (Smak 1984b) or X-ray transients (see Mineshige
& Kusunose 1993, for review), is expected also to occur in accretion disks around
supermassive black holes (Lin & Shields, 1986; Clarke & Shields 1989; Mineshige
& Shields 1990) unless self-gravity effects or irradiation prevent the existence of the
partial ionization zone (which causes the instability). We assume that viscosity scales
with the gas pressure (B-viscosity). We discuss in detail evolution of the accretion
disk around a My, =10° Mg black hole mass, assuming a range of accretion rates
corresponding to luminosities between 10~° — 1, in Eddington units.

We show that the ionization instability does operate in such disks. Depending
on the viscosity, the instability can develop in a very narrow unstable zone thus
causing a flickering, or can propagate over the entire disk resulting in the large
amplitude outbursts on the timescales of order 10%-10° years. As a consequence:
(1) AGN are not always in their active state; and (2) the emitted optical-UV spectra
are quite different from the spectrum of a thin stationary accretion disk. External
irradiation is shown to have a large effect on the instability and on the emitted
optical-UV spectra. We briefly consider observational consequences.

Subject headings: accretion, accretion disks - galazies: active - quasars
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ABSTRACT

We present a detailed X-ray spectral analysis in the 0.1 2.4 keV ROSAT band of a com-
plete sample of X-ray selected AGN using the 80 AGNs in the Cambridge-Cambridge
ROSAT Serendipity Survey (68 QSOs and 12 narrow emission line galaxies, NLXGs).
We have also made a comparison between the X-ray spectral properties of QSOs and
NLXGs. For 36 objects we have enough net counts to allow an X-ray spectral fit, while
for the other sources we have characterized the spectrum using the hardness ratio tech-
nique. A maximum-likelihood analysis was used to find the mean power-law energy
spectral index < a; > and the standard deviation ¢ for QSOs and NLXGs, assuming
the intrinsic distribution to be Gaussian. We found no difference between QSOs and
NLXGs: < ar >= 1.32 with dispersion o = 0.33 for the QSOs and < o, >= 1.30
with o = 0.49 for the NLXGs. A single power-law with a Galactic absorbing column
density yields a good representation of the X-ray spectra for the majority of the sources.
Only three objects show a significant deviation from this model. There is evidence in
the NLXG sample for a flattening of the spectral slope a, with increasing redshift and
for a steepening of a, with increasing (LzsooJi/L’)' For the QSO sample we found
no significant correlation. The lack of correlation between a, and z suggests that for

the CRSS QSOs the power-law spectrum in the QSO rest frame extends from the soft
{~ 0.1 — 2.4keV) into the harder X-ray band (~ 0.3 — 7.3 keV) with the same slope.
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1 INTRODUCTION

The spectral properties of QSOs in the X-ray band
have been studied extensively over the last decade (e.g.
Wilkes and Elvis 1987, Canizares and White 1989, Co-
mastri et al. 1992, Williams et al. 1992, Fiore et al
1994, Laor et al. 1994). However, these studies were lim-
ited to optical and radio selected QSOs and were gener-
ally not of complete samples. Although the Einstein and
ROSAT satellites have produced large samples of X-ray
selected QSOs, no detailed information is available about
their X-ray spectral properties. For the Einstein Extended
Medium Sensitivity Survey (EMSS) sample (Giocia et al.
1990, fim (0.3 —3.5keV) ~ 1.0 x 10~ ergem™?s~') Mac-
cacaro et al. (1988) gave only a mean spectral index for
the whole sample determined from the hardness ratio.

The improved X-ray sensitivity of the ROSAT satellite

(Trimper, 1983) allows us, for the first time, to study the
X-ray spectral properties of a complete sample of X-ray se-
lected AGN. A new, fully identified sample of X-ray selected
AGN, the Cambridge-Cambridge ROSAT Serendipity Sur-
vey (CRSS, Boyle et al. 1995a) has been obtained. This is
a well defined sample of 80 X-ray selected AGN discovered
serendipitously with the ROSAT PSPC at fluxes 5-10 times
fainter than the EMSS. Of the 80 AGN, 68 were classified
as QSOs from the presence of broad emission lines with full
width half maximum (FWHM) > 1000km s™*, while 12 were
classified as narrow emission line X-ray galaxies (NLXGs,
see Boyle et al. 1995a). A detailed intermediate-resolution
(1.5A) spectroscopic follow-up of 10 CRSS NLXGs has
shown that the NLXG sample appears to be a heterogeneous
mix of Seyfert (Sy) and starburst galaxies (HII) (Boyle et
al. 1995b). Based on their emission line ratios, the 10 re-
observed CRSS NLXGs comprise five starburst galaxies, two
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Sy 1.5, one Sy 1.8 and two Sy 2 galaxies. In this paper we
report the analysis of the X-ray spectra of these X-ray se-
lected QSOs and NLXGs together with a comparison of their
X-ray spectral properties. In section 2 we describe the anal-
ysis of the spectra. We report our results in section 3, give
a discussion in section 4 and we conclude in section 5 with
a summary of our main results. In Appendix A we describe
the hardness ratio technique used to characterize the spectra
of those sources with few net counts.

Throughout the paper a Hubble constant of Ho =
50km s~ Mpc~! and a deceleration parameter go = 0 are
assumed.

2 DATA ANALYSIS

The 20 CRSS ROSAT PSPC fields are all at high Galac-
tic latitude (Jb7 |> 30°). The source selection criteria were
an X-ray flux fz(0.5~2.0keV) > 2 x 107" ergem™?s™!
and an off-axis angle § < 15’ in the ROSAT Position Sensi-
tive Proportional Counter (PSPC) field. Radio observations
of the CRSS AGN sample (Ciliegi et al. 1995) have shown
that seven objects have detectable radio emission at the 5 o
level and only two (2.5143%) qualify as radio-loud objects
using a standard radio to optical spectral index criterion
(ayo >0.35).

All the PSPC observations were performed with PSPC-
B. Because all the sources have an off-axis angle § < 15
there are no problems of obscuration by the window sup-
port structure and the effects of vignetting are negligible
(Hasinger et al. 1994). For each source we fitted the X-ray
image with a two-dimensional gaussian to determine its cen-
troid. Subsequently we extracted the source counts in the
0.1 — 2.4keV band using a drcle centered on the source
centroid. To optimize signal to noise ratio the extraction
radius r was chosen to be the distance from the centroid
at which the radial profile of the point source meets the
background level. All the extraction radii lay in the range
1.5arcmin < r < 2.5arcmin. The background counts were
estimated in an annulus centered on the source with inner
radius 3 arcmin and outer radius 5 arcmin. When detected,
other sources within the source or background region were
removed using a 2 arcmin radius circle chosen to contain at
least 95% of the source counts (Turner and George 1992).
Table 1 lists the sources in the sample, including their clas-
sification as QSO (Q), Seyfert galaxy (Sy) starburst galaxy
(HII) or narrow emission line galaxies (NLXG), redshift, ob-
servation date, extraction radius r (arcmin), off-axis angle @
(arcmin), the net counts detected within the circle of radius
r in the soft (S = 0.1—0.4 keV), hard (H = 0.5-2.0 keV)
and broad (B = 0.1-2.4) band and the ROSAT sequence
number.

The 34 energy channels from the MPE standard anal-
ysis software system (SASS) pipeline processing were used
for the spectral analysis, excluding the first two channels
(< 0.1keV) and the last channel (> 2.4keV) because the re-
sponse of the instrument is not well-defined at the extremes
of the energy range. Finally the spectrum was binned to ob-
tain a signal to noise ratio S/N 2> 3 per bin so that the
x? statistic could be applied. When it was not possible to
obtain at least 6 bins with S/N > 3, we used the simple
hardness ratio HR ( HR=[H-S]/[H+S], see Appendix A for

a complete description of this technique) to characterize the
spectrum.

For 36 sources we obtained an X-ray spectrum with 6 or
more channels with S/N > 3 each, while for 42 objects we
have computed the energy spectral index a.mr of the power-
law using the HR and fixing Ny at the Galactic value.

For only two sources (the QSOs CRSS1429.2+40120 and
CRSS51545.5+4847) did the few net counts detected (< 20)
preclude any spectral analysis. For the 36 sources with
enough net counts, we made two different power-law fits (1)
with N g fixed at Galactic value and (2) with Ny as free pa-
rameter. Throughout this paper all the Ny Galactic values
are from Stark et al. (1992). To test the reliability of the
hardness ratio technique we also calculated a.gr for the 36
sources for which we made a spectral analysis (see Appendix
for details).

Model fits were carried out using the XSPEC software
package, and the best fit model parameters were obtained
by x* minimization. Following Fiore et al. (1994), we have
used the 1992 March response matrix for observations made
before October 1991 and the 1993 January response matrix
for observations made after October 1991.

3 RESULTS

The results of the spectral fits are given in Table 2 with er-
rors quoted at the 1 o level for a single interesting parameter
when Ng is fixed (fit 1) and for two interesting parameters
when both the X-ray energy spectral index a; and Ng are
free to vary (fit 2). For each source we report the hardness
ratio HR, the energy spectral index a.mr obtained from
the HR fixing Ny = Ngg,,, and the results of both spectral
fits. For each fit we give the best fitting spectral slope a:,
the Ny value (Ng,,, ) for fit 1 and for the sources analyzed
only with the HR statistic, and the best fitting Ny for fit
2, the x? of the fit (x317), the number of degrees of free-
dom (dof), the probability for x* > x#rr, P(x* > x$11)- In
column 9 we report the F-test probability (Bevington and
Robinson 1992) that the reduction in x;r with the addi-
tion of Ny as a free parameter is not statistically significant,
P(F > Frir)). In columns 10 and 11 we give respectively
the X-ray flux, the logarithm of the X-ray luminosity in the
0.5—2.0keV band obtained from fit 1 (i.e. Nz = Nng,,) and
the logarithm of the monochromatic luminosities at 25004 .
These latest are based on the optical Palomar sky survey O
magnitudes (Boyle et al. 1996, in preparation) with a typi-
cal error of ~0.2 mag which corresponds to an error on the
logarithm of the 2500A luminosity of ~ 0.1 erg s™' Hz™'.
For the sources without spectral information (see below) we
computed the X-ray flux and luminosity using a power-law
model with Ng = N, and ar-=1.3 (this value represents
the mean spectral index both for QSOs and NLXGs, see
section 4.2). A

A comparison of fit 1 and 2 allows us to determine
whether there is evidence for a significant intrinsic excess
absorption or excess emission relative to a single power law
fit with Ng = Na,,,. As shown in Table 2, in three of the
36 objects for which we have emough net counts to allow
a spectral fit, there are significant deviations from a sim-
ple power-law fit (i.e. P(F > Frrr) < 0.01). The QSOs
CRS50008.44-2034 and CRSS0030.6+2620 show a best fit



value of Ny lower than Galactic value at 90% and 99% confi-
dence level respectively, indicating a soft emission excess rel-
ative to a single power-law fit with Ny = Ng_,,. The Sy1.8
CRSS1412.5+4355 shows excess absorption (Ng > Nag,,),
although only at 68 per cent confidence level. We find that
the soft excess in the two QSOs is well parameterized by
fitting the data with a broken power-law with Ny fixed
at the Galactic value. The absorption excess in the Syl.8
CRSS1412.544355 can also be well parameterized by fitting
the data with a power-law including a z = 0 absorption fixed
at the Galactic value plus another absorption component at
the redshift of the source. In Table 3 we report the results
for these spectral models.

Of the 42 sources analyzed with the hardness ratio tech-
nique, four
(the three QSOs CRSS50029.7+2603, CRSS51429.0+0122,
CRSS1605.24-2541 and the Sy2 CRSS0030.7+2616) have
HR = 1.00 (i.e. zero net counts detected in the soft band)
and three (the QSOs CRS50008.6+2045, CRSS1416.2+1131
and CRSS1545.4+4838) have HR < 1 but HR +
HRgprror > 1.00. For these seven sources with very hard
(or heavily absorbed) spectra we cannot obtain a reliable
value of the spectral index a.mr (see Appendix). Also the
analysis of the average spectrum obtained by combining the
seven spectra of these sources does not allow us to distin-
guish the origin of their extremely high hardness ratio val-
ues.

In summary, of the 78 AGN in our sample of 80 for
which some spectral information can be obtained, 9% (6
QSOs and 1 NLXGs) have an extremely high value of HR,
3% (2, both QSOs) show significant soft excess above a sim-
ple power law with Ny = Nug,,, 1% (1 NLXG) shows ex-
cess absoption (Ng > Na,,), while 87% (58 QSOs and 10
NLXGs) have well constrained values of the energy spectral
index a. fitting the spectra with a simple power law.

Similar examples of X-ray luminous narrow emission
line galaxies were also identified in the EMSS by Stocke et al.
(1991). In order to increase the NLXG sample, we searched
in the Public ROSAT Archive the ROSAT/PSPC data con-
taining “serendipitous” observations of EMSS NLXGs. We
find good ROSAT data for 5 EMSS NLXGs. We retrieved
the observations from the archive and we analyzed the data
as described in section 2. Because we detected few net
counts (< 220) from each source, we have computed the
energy spectral index of the power-law using the hardness
ratio technique. In Table 4 we report the data for these 5
EMSS NLXGs. No intermediate-resolution optical spectra

are available for these sources.

4 DISCUSSION
4.1 High Hardness Ratio

As discussed above, 7 of the 42 objects analyzed with the
hardness ratio technique have HR = 1 or HR+ H Rerror >
1. High HR values may be the result of truly hard X-ray
spectra but they could be also the result of the presence of a
significant amount of intrinsic absorption. We have checked
if these seven objects show some peculiar characteristic sug-
gestive of intrinsic absorption. Elvis et al. (1994) have shown
using ROSAT data that X-ray absorption is commen in high
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redshift (z2x¢3) QSOs. Earlier work found that the least Iu
minous AGN more often show X-ray absorption (Lawrenc
and Elvis 1982). Absorption would also be likely to redder
the ultraviolet “Big Bump” continuum. Therefore we have
checked if these seven “hard” objects have higher redshift
lower luminosity or obvious optical reddening. In Figure ]
we plot the X-ray luminosity, redshift and optical O ~ F
colour (Boyle et al. 1996, in preparation) distributions the
whole CRSS sample with the distribution of the seven ob
Jects superimposed. A Kolmogorov-Smirnov test shows that
in all the cases the seven objects have the same distribu-
tion of the whole sample with a confidence level greate;
than 99 per cent, excluding any peculiarity. All but one of
the “hard” sample show clear broad optical emission lines.
This is quite unlike the situation for the heavily absorbed
hard X-ray selected AGN where some 50% of the AGN show
large absorbing column densities (~ 10%* cm™2) and these
are found primarily among the type 1.8, 1.9 or 2 Seyferts
{Turner and Pounds 1989).

4.2 Power-law Spectral index

To study the X-ray spectral properties of QSOs and NLXGs
separately, we used the 68 CRSS sources (58 QSOs and 1
NLXGs) for which we have well-constrained values of the en-
ergy spectral index a,. In order to obtain an homogeneous
sample of narrow emission line galaxies we excluded from
the CRSS NLXG sample the two Seyfert 1.5 galaxies re-
ported by Boyle et al. (1995b, see Table 1). The two NLXG
not observed at intermedjate-resolution (CRSS1514.4+5627
and CRSS1605.9+2554) and the NLXG which still has an
uncertain classification (CRSS1705.346049, see Boyle et al.
1995b) were included in the sample. In figure 2 we show the
distribution of the energy spectral index for the 58 QSOs,
the 8 NLXGs and the 2 Seyfert 1.5 galaxies.

The distribution in the slope values is quite broad, both
for QSOs and NLXGs. Some extreme objects have well-
determined slopes (e.g. CRSS1418.34+-0637 a; = 2.56+0.10;
CRSS1654.5+3954 ar = 0.90 + 0.10 see Figure 4a). If the
assumption is made that both the measurements and the
underlying spectral index distribution is normal, then the
mean spectral index (@) and the intrinsic spread in spectral
slope (0int) of each class of objects can be quantified us-
ing Maximum-Likelihood (ML) analysis {(Worrall and Wilkes
1990, Maccacaro et al. 1988). Table 5 and Figure 3 give the
results of the ML analysis. In the table we report for each
class of objects the mean spectral index @y and the intrin-
sic dispersion gin: obtained with the ML analysis and, for
comparison, the mean index &@wy and relative dispersion o
obtained by simply weighting the same data.* For the QSO
and NLXG of the CRSS sample the 90% confidence con-
tour for two interesting parameters is plotted in Figure 3.
As shown in Table 5 and Figure 3 there is no significant
difference between the mean spectral index of QSOs and
NLXGs.

* In the analysis the weighted mean value of each quantity has
been obtained using the formula T = E(z:/0?)/Z(1/0?) where
z; is the single measurement value and o; is the associated er-
ror, whereas the relative dispersion has been obtained using the
formula 02=1/(N-1)xE(z; —F)? (Bevington and Robinson 1992).

™
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Instead the mean spectral index of EMSS NLXGs
is significantly flatter (> 95% confidence level) than the
mean value of the CRSS NLXGs (see Table 5). This dif-
ference is not present in the QSO population. A detailed
study of the ROSAT/PSPC X-ray spectra of the EMSS
AGN has shown that the mean X-ray spectral index @z
in the ROSAT band of 50 radio-quiet EMSS AGN is
@ ~1.5 with oine ~0.4 (Ciliegi and Maccacaro 1996).
Therefore the spectral difference can not be attributed to
the harder selection band of the EMSS sources (the 0.3-3.5
keV Einstein/IPC band) compared to the CRSS sources
(the 0.5-2 keV ROSAT/PSPC band). Given the uncertainty
on the real nature of the EMSS NLXG and the differences
between the mean spectral index of these objects and that of
the CRSS NLXG, we did not combine these two small sam-
ples of NLXG to obtain a mean value of their spectral index.
A dlassification based on higher resolution optical spectra of
the EMSS NLXG (are they objects with HlI-like spectra or
with AGN-like spectra ?) would give us useful information
on the nature of the difference in the spectral index between
CRSS NLXG and EMSS NLXG.

Excluding the two radio-loud QSOs (CRSS1705.5—-6042
and CRSS2250.0+1407) makes a negligible difference in
mean spectral index or dispersion (Table 5) so we have used
the whole sample for the correlation analysis described be-
low.

Our values of the mean spectral index for QSOs and
NLXGs are consistent with previous values for optically se-
lected AGN. Laor et al. (1994) and Walter and Fink (1993)
using samples of optically selected AGN find a mean value
of the ROSAT/PSPC spectral index of 1.50 (o = 0.40) and
1.57 (¢ = 0.30) respectively. Recently, Schartel et al. (1995)
using the ROSAT All-Sky Survey (RASS) data for the QSOs
in the Large Bright QSO Survey (LQBS) find a mean energy
spectral index of @z = 1.70 £ 0.20 for RQ and 1.00+0.30 for
RL QSOs. '

Note that these values of &, obtained from
ROSAT/PSPC are significantly steeper than the mean spec-
tral index of the EMSS AGN obtained by Maccacaro et al.
(1988) with the Einstein IPC, who find @ = 1.0333:0¢ with
a dispersion ¢ = 0.36. This difference may be real, reflecting
a “soft excess” in the ROSAT/PSPC band (~ 0.1~ 2.4keV)
compared to the Einstein IPC band (~ 0.3 — 3.5keV), or
may be due to calibration error in the PSPC and/or IPC
instruments (see Appendix B in Fiore et al. 1994 for more
details). However, in their analysis, Maccacaro et al. (1988)
did not separate radio-loud from radio-quiet AGNs (there
are 43 radio-loud and 363 radio-quiet AGNs in the EMSS).
Considering that radio-loud AGNs show flatter spectra than
radio-quiet AGNs (Wilkes and Elvis 1987, Schartel et al.
1995) the steeper mean spectral index in the CRSS sample
may be due to its lack of radio-loud objects.

4.3 Correlation Analysis

We searched for correlations between a. and other physical
parameters of the sources, in particular redshift z, optical
and X-ray luminosity (L2so0 and L:) and the ratio between
optical and X-ray luminosities (L2sco/Lz).

Given the dependence of the monochromatic flux (and
luminosity) at 2 keV on the energy spectral index a- (Ulrich
and Molendi 1995), in our correlation analysis we used the

broad band (0.5 — 2.0keV) X-ray flux (f:) and luminosity
(L:), which are much less sensitive to change in a.. For this
reason we did not use the usual two point spectral index ao:
but instead used the ratio between the optical (at 25004)
and broad band X-ray luminosities (Lzs00/Lz).

The correlation significance was tested using the Spear-
man Rank correlation coefficient rs and the relative proba-
bility P- that an observed correlation could occur by chance
for uncorrelated data sets (see Press et al. 1992). A corre-
lation was taken to be significant when Pr < 0.01. A sum-
mary of all the correlation coefficients and their significance
is given in Table 6, while Figures 4a, 4b, 4c and 4d show red-
shift (z), X-ray luminosity (L:), optical luminosity (L2sc0)
and L2soo/ Lz, respectively, as a function of the X-ray energy
spectral index a;.

Table 6 shows that we find a flattening of the CRSS
NLXGs spectral slope with increasing redshift (~ 99 per
cent significance, see Figure 4a) and a steepening of the
spectral index with increasing optical/X-ray luminosity ra-
tio (~ 99.97 per cent significance, see Figure 4d). The same
correlation between a; and the optical/X-ray luminosity ra-
tio was found by Laor et al. (1994) for a sample of 10 QSOs
and subsequently confirmed for a complete sample of 23 op-
tically selected QSOs from the Bright QSO Survey (BQS,
Laor et al. in preparation). It is puzzling that, in our sur-
vey, this correlation appears only for narrow line objects,
those in the CRSS sample least like the PG QSOs in Laor
et al.

The lack of correlation between a; and z for the CRSS
QSOs suggests that the power-law spectrum in the QSO rest
frame extends from the soft (~ 0.1 — 2.4keV) into the hard
X-ray band (for the highest redshift objects the observed
energy range corresponds to the range ~ 0.3 — 7.3keV) with
the same slope. The same result was obtained for radio-loud
and radio-quiet optically-selected QSOs by Canizares and
White (1989) using Finstein/IPC data and by Williams et
al. (1992) with the Ginga data. The most directly compara-
ble studies, however, are those of Schartel et al. (1992, 1995).
Using the ROSAT All-Sky Survey data for 162 strongly-
detected optically-selected QSOs (Schartel et al. 1992) they
found a flattening of the spectral slope with increasing red-
shift from az ~ 1.5 to az ~ 0.8 between z = 0.2 and z ~ 2.
The LBQS QSOs showed a much weaker effect over the same
redshift range (from a; = 1.5+ 0.1 to as = 1.310.2). As
with the EMSS, Schartel et al. did not make a distinction
between radio-loud (RL) and radio-quiet (RQ) objects. How-
ever, there is some evidence (e.g. Hooper et al. 1995) that
RL QSOs may represent an increasing fraction of all QSOs
at high redshift. This effect might be responsible for the ob-
served flattening at higher redshift. For example the Ginga
data (Williams et al. 1992) appear to show a flattening with
redshift but, as Williams et al. show, this is a secondary
effect of the well-known difference in mean slope between
RL and RQ QSOs (Wilkes and Elvis 1987). The flattening,
in fact, disappears when RL and RQ are considered sepa-
rately. Therefore, as noted also by Schartel et al. (1995), the
observed flattening at higher redshift in the Schartel et al.
(1992) sample might be due to an increased fraction of RL
QSOs.

Finally, the lack of correlation between a. and optical
and X-ray luminosities (both for QSOs and NLXGs) is in



agreement with the results obtained by Laor et al. (1994)
for 23 BQS QSOs.

5 CONCLUSIONS

We have analyzed the X-ray properties of the Cambridge-
Cambridge ROSAT sample of 80 X-ray selected AGN. This
is the first detailed X-ray spectral analysis of a complete
sample of X-ray selected AGN, and the first comparison be-
tween the X-ray spectral properties of QSOs and narrow
emission line galaxies. The most important results of our
analysis can be summarized as follows:

1. The Maximum-Likelihood analysis show no difference
between the mean spectral index of QSOs and NLXG. We
find < o >=1.32 with dispersion 5=0.33 for the sample of
58 QSOs and < a; >=1.64 with ¢=0.34 for the sample of
8 NLXGs.

2. A single power-law with an absorbing column density
fixed at Galactic value yields a good representation of the
X-ray spectra for ~90% of the 36 CRSS AGNs for which we
can fit the spectra with two free parameters (the spectral
index a and Ng). Only three objects show a significant de-
viation from this model. Two of them (both QSOs) show a
soft emission excess relative to a single power law fit with
Ny = Nug,, and their spectra are well represented by a
broken power law with a break point at 0.5-0.6 keV. The
other object (a Sy1.8 galaxy) shows a significant absorbtion
excess (Ny > Nug,,) and its spectrum is well represented
by a power-law with Galactic absorption plus an intrinsic
absorption component Ny of 1.42¥197 x 10%* cm™2.

3. Seven of the 42 sources analyzed with the hardness
ratio technique show an extremely high value HR value
(HR = 1 or HR + HRerror > 1) indicating hard X-ray
spectra or the presence of intrinsic absorption. We checked
for possible evidence of intrinsic absorption, but given the
few net counts detected from each sources it was not possi-
ble to determine the origin of these extremely high hardness
ratio values.

4. The mean spectral index of EMSS NLXGs is signifi-
cantly flatter than the mean value of the CRSS NLXGs. A
classification based on higher resolution optical spectra of
the EMSS NLXGs would give us useful information on the
nature of this spectral difference.

5. There is evidence in the NLXG sample for a corre-
lation between spectral index a. and redshift and between
as and the ratio between optical (2500A) and broad band
X-ray luminosity (L2so0o/Ls). We find a flattening of the
CRSS NLXG spectral slope with increasing redshift and a
steepening of @, with increasing (Lzsoo/Ls).

6. For the QSO sample we found no significant correla-
tions. The lack of correlation between a: and z suggests that
for the CRSS QSOs the power-law spectrum in the QSO rest
frame extends from the soft (~ 0.1 — 2.4keV) into the hard
X-ray band (~ 0.3 — 7.3keV) with the same slope.
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APPENDIX A

In order to obtain spectral information on objects with &
limited number of net counts (< a hundred photons), we
have used the hardness ratio (HR), an “x-ray color” defined
as :

H—
HR = |

= (S-Herr)?+(H-Sprr)?
HRgpp =2 x YSHeRR 4T Sonn)?

where S is the number of net counts detected in the
channels 1142 (~ 0.11 — 0.43keV), H is the number of net
counts detected in the channels 51~201 (~ 0.51 ~ 2.02keV)
and Sgrr and Hgrr are the errors on S and H respec
tively, computed as the square root of the total counts.
These colours are similar to those used by Hasinger (1992).
but with slightly different boundaries for the soft and hard
band to maximize the S/N ratio for faint sources. Because
of its definition, the hardness ratio has values confined be-
tween —1 and +1 (inclusive). Values close to —1 indicate
that the source has an extremely soft spectrum; while very
bhard or heavily absorbed sources, are characterized by ar
HR value close to +1. If we assume that the spectrum of
the sources can be represented by a power-law model with
Ng fixed at the Galactic value, then there exists a one tc
one relationship between power-law spectral index a; and
the measured hardness ratio. The correspondence betweer
HR and the slope of the power-law for a set of values of the
equivalent hydrogen column density Ny is show in Figure
Al. Uncertainties in the exact value of Ny contribute, ir
principle, an additional uncertainty in the resulting value of
a;. In practice, the uncertainty in a. due to the uncertainty
in Ny is negligible when compared to the uncertainty result-
ing from the errors on the HR itself (see also Maccacaro e
al. 1988 for a description of the hardness ratio technique
used to analyse the EMSS AGN observed with the IPC or
the Einstein satellite). )

To test the reliability of the hardness ratio technique we
have compared the value of the spectral index a.gr derivec
from the hardness ratio with those derived from the detailec
spectral analysis for the 36 CRSS sources with enough nef
counts (see section 3 and Table 1 and 2). In order to assure
consistency with the hardness ratio results, we used the bes
fit slopes obtained with fit 1 (Ng fixed at Galactic value)
The result is illustrated in Figure A2. The slopes derivec
through the two methods (hardness ratio and spectral anal
ysis) are very well correlated through the entire range o
values (a; ~ 0.6 — 2.6), with a typical differences of 0.1 o!
less in a;.
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Figure Captions

Figure 1. (a) X-ray luminosity, (b) redshift, (c) color
O — E distributions of the whole CRSS sample {open) and
of the 7 sources with HR = 1 or HR + HRgrror > 1
(shaded).

Figure 2. Energy spectral index distributions of the
CRSS QSOs (open), of the CRSS NLXGs (HII, Sy1.8, Sy 2
and NLXG not observed at intermediate resolution, shaded)
and of the CRSS Sy 1.5 galaxies (filled).

Figure 3. Mean energy spectral index and intrinsic dis-
persion obtained from the Maximim-Likelihood analysis for
CRSS QSOs (thick line) and CRSS NLXGs (thin line). The
confidence contours correspond to 90 per cent level for two
interesting parameters.

Figure 4. (a) Redshift, (b) X-ray broad-band (0.5 —
2.0keV) luminosity L., (c) optical luminosity at 2500A and
(d) Lzsoo/Ls as a function of the X-ray energy spectral
index for CRSS radio-quiet QSOs (open squares), CRSS
radio-loud QSOs (filled circles) CRSS starburst HII objects
(filled squares), CRSS Seyfert Galaxies 1.5 (open circles)
and EMSS NLXGs (open stars).

Figure A1l. PSPC hardness ratio for power-law spectra
as a function of the emergy spectral index ax and of the
hydrogen column density Ng.

Figure A2. Upper panel: Comparison between the
spectral slope o determine



TABLE 1 : CRSS Sources

SOURCE Type! 5 Date r ] Net Counts? Sequence
0 o S H B number
CRSS0007.342042  Q  0.769 1991 June 30 1.8 13.5  47.8+12.7 91.5x11.4 149.6%17.0 700101
CRSS0007.74+2050  Q 1.396 » 1.7 129 32.7+ 89 474+ 8.2 86.6+12.8 »
CRSS0008.0+2043 Q 1.381 » 1.5 5.0 19.4+116  57.7+ 9.9 90.6+16.7 »
CRSS0008.4+2034 Q 0.389 » 1.6 6.7 123.2+14.8 315.4419.3  464.74+26.0 »
CRSS0008.4+2042 Q 1.710 » 1.5 24 9.7+ 7.8 38.1+ 7.7 50.9+11.1 »
CRSS0008.6+2045 Q 0.752 » 1.5 6.9 1.75+10.7 48.8+£ 9.5 52.5+16.2 »
CRSS0009.0+2041 HII  0.189 » 1.7 9.8 20.3+11.4  48.1%+ 9.7 75.8+116.3 »
CRSS0029.7+2606  Q 1.094 1991July 5 2.0 11.8 0.0+ 7.1 352472 37.8+11.3 300016
CRSS0030.2+2611 HII  0.077 » 1.6 6.3 105.94+13.0 72.9+10.1 197.7+17.0 »
CRSS0030.6+2620 Q 0.492 » 1.6 84 327.04£21.6 377.8+19.4  730.7+31.5 »
CRSS0030.7+2616 Sy 2  0.246 » 1.7 94 0.0+11.1 64.4+10.6 67.0+17.9 »
CRSS50030.8+2628  Q 1.372 » 2.4 147  40.6112.2 56.21£ 9.9 96.8+17.7 »
CRSS1406.7+2827 Q 0.878 1991July 13 1.5 3.1  114.5+19.0 51.4+12.2 167.3124.0 700061
CRSS1406.7+2838 HII  0.331 » 2.3 12.2 106.8+28.8 61.8+17.8  175.2+43.9 »
CRSS1407.3+2818  Q 1.121 » 1.7 9.9  400.4+25.5 294.4119.2 721.9132.6 »
CRSS1407.34+2814 Q 0.728 » 2.3 129 72.2417.5  71.0+12.3  155.4+23.0 »
CRSS1407.6+2825  Q 1.222 » 1.8 89 95.6+13.4 179+ 7.2 118.1%+13.9 »
CRSS1407.7+2830 Q 0.642 » 2.0 10.9 680.5+30.7 623.7423.7 1360.2142.1 n
CRSS1407.7+2824 Q 1.127 » 1.9 107  76.2+13.7 84.4411.3 164.0+18.3 »
CRSS1412.54+4355 Sy 1.8 0.094 1991 June 26 2.5 14.4  386.7+22.7 303.9+18.6 742.8431.6 700248
CRSS1413.3+4405 Sy 1.5 0.136 » 16 175 91.61+18.5 119.7412.6 211.6124.7 »
CRSS1413.4+4358 Q 0.950 " 1.5 3.9 85.6118.4  40.3: 9.9  136.1123.7 »
CRSS1413.84+4406 Q 0.978 » 1.6 6.7 129.83+18.3 72.8%11.1 229.1424.8 »
CRSS1413.844402 Q 1.347 » 1.5 26 52.0+16.8 52.3110.1 120.8+17.6 »
CRSS1414.2+4354 Q 1.197 » 1.6 7.4 152.0419.6 75.4%11.4  255.6+25.5 »
CRSS1415.0+4402 Sy 1.5 0.136 » 2.0 13.0 62.7416.6 74.1+11.2  149.3+19.7 »
CRSS1415.0+1119  Q 0.538 1991 July 21 2.5 144  98.0+18.8 103.3+14.8 202.6126.1 700122
CRSS1415.1+1140  Q 2.353 » 2.1 133 58.6:+17.4 55.94+12.7 123.2+23.8 »
CRSS1415.2+1123  Q 1.230 » 2.0 9.6  97.1+23.7 37.7+15.7 139.9+35.4 »
CRSS1415.5+1127  Q 1.412 » 1.5 44 44.4+12.7 606+ 84 119.8+17.3 »
CRSS1415.5+1131 Q 0.256 » 1.5 4.2 214.7421.8 286.3120.4 542.0+32.7 »
CRSS1415.54+1128  Q 0.359 " 1.8 34 98.2+18.4  28.0+12.2  131.8123.2 »
CRSS1415.7+1116  Q 1.257 » 2.2 134  58.9422.5 30.9+15.8 93.3+31.3 »
CRSS1416.241131 Q 1.429 » 1.7 75 3.5410.9 389+ 9.7  46.2+14.4 »
CRSS1416.34+1124  Q 1.673 » 1.9 103  76.7+£17.9 31.84+12.2  115.2423.1 »
CRSS1418.3+0637 Q 0.328 1992 July 25 2.5 14.6 1100.8+35.3 190.5+15.3 1366.5+39.5 700865
CRSS1419.245429 Q 0.722 1990 July 22 1.7 7.4 62.0+10.3  28.5+ 6.2 105.8412.9 150046
CRSS1419.3+5424 Q 0.785 » 1.5 4.1 29.5+ 9.0  10.6+ 5.0 45.51+10.6 »
CRSS1419.8+4-5433 Q 0.367 » 2.1 104 27.3+10.9  24.11+ 6.6 58.9+14.0 »
CRSS1419.9+5430 Q 2.257 » 16 7.0 64.6+12.5 382+ 8.0 111.5%16.1 »
CRSS1420.1+5426 Q 0.583 » 1.5 4.7 186.7+17.2 79.9+10.4  281.0+20.6 »
CRSS1428.3+4231 Q  2.170 1992Jan 24 18 85 34.7+11.9 16.0+ 6.9  55.2+13.1 700535




TABLE 1 : Continued

SOURCE Type! z Date r 6 Net Counts? Sequence
0 O S H B number
CRSS1429.04-0122 Q 0.416 1990 July 19 1.5 43 0.0+ 5.3 21.0+ 8.3 22.6+ 8.4 150007
CRSS1429.04+0120 HII 0.102 » 1.5 2.6 27.61 8.5 12,44+ 5.5 42.0t 9.4 »
CRSS1429.1+0128 Q 1.131 » 2.0 10.2 21.6% 8.3 15.4+ 5.3 37.4+10.0 »
CRSS1429.240120 Q 1.127 » 1.5 4.1 0.0 6.8 12,11+ 5.3 14.0+ 5.3 »
CRSS1429.7+4240 Q 1.672 1991Jan 24 16 8.5 86.0+16.2 94.1+12.0 185.44+23.3 700535
CRSS1514.4+5627 NLXG 0.446 1992Jan 13 2.5 14.7 89.6%22.5 56.8+12.2 159.74+14.7 600190
CRSS1514.7+3641 Q 1.219 1992 Aug 12 1.8 9.2 19.2+ 6.8 26.8+ 2.6 48.61+ 9.4 700807
CRSS1515.0+3657 Q 0.253 » 16 7.6 82.6110.6 4594+ 7.3 137.0+13.4 »
CRSS1515.1+45628 Q 0.723 1992Jan 13 1.9 114 49.6110.8 80.6%+ 9.9 135.9+15.1 600190
CRSS1515.4+3652 Q 0.893 1992 Aug 12 1.7 8.8 33.1+ 7.8 27.2+ 5.9 69.31+10.6 700807
CRSS1515.54+-3655 Q 0.812 » 2.0 115 59.0+ 9.4 34.1+ 6.6 98.1+12.0 »
CRSS1515.745610 Q 0.296 1892Jan 13 2.3 8.6 127.1+23.3 68.9113.2 204.8+33.8 600190
CRSS1516.3+5611 Q 1.167 » 1.6 8.1 45.4110.8 24.91+ 6.4 77.4+£13.2 »
CRSS1517.0+45623 Q 0.434 » 1.7 10.6 68.8+15.2 103.8%+12.0 177.3420.8 »
CRSS1545.4+4838 Q 0.937 19892 Aug 22 1.7 8.0 3.0+ 6.8 16.1+ 4.7 20.1+ 9.2 700809
CRSS1545.5+4858 Q 0.666 » 2.0 11.8 43.6% 9.0 10.1+ 4.4 56.4+10.8 »
CRSS1545.5+44847 Q 1.403 » 1.5 1.2 5.1+12.3 124+ 4.4 19.0+ 8.0 »
CRSS51545.9+4849 Q 0.154 » 1.5 5.2 147+ 7.5 22.0+ 5.2 37.24- 9.4 »
CRSS1604.8+42549 Q 0.426 1991 Aug 27 2.2 124 43.1%15.1 24.6+ 9.0 69.4+17.4 300021
CRSS1605.24+2541 Q 1.071 ? 2.2 123 0.04+19.0 88.8+13.7 90.2126.4 »
CRSS1605.6+2543 HII 0.278 » 1.7 85 21.44+15.1 83.8+11.8 114.8+20.6 »
CRSS1605.9+2554 NLXG 0.151 » 1.5 3.9 52.7116.2 70.3+11.8 128.4421.8 »
CRSS1606.64-2542 Q 1.436 » 2.3 143 16.3+14.2 46.51+10.0 74.9+19.3 »
CRSS1618.44-0558 Q 0.406 1991 Feb 20 1.9 116 20.41 8.2 324+ 7.5 52.9+11.2 700213
CRSS1620.141724 Q 0.114 1991 Feb 19 1.5 0.3 271.4+17.6 738.11+27.5 1065.7+33.7 700022
CRSS1653.3+3951 Q 0.692 1991 Feb 26 1.7 8.2 58.6111.5 52.8+ 8.9 120.6+15.7 700130
CRSS1654.5+3954 Q 0.340 » 1.8 114 75.0+10.3 115.6+11.3 203.0%15.8 »
CRSS1704.14+6047 Q 1.361 1991 0ct 30 15 5.4 93.3+144 63.8110.9 166.8420.0 700439
CRSS1705.346048 Sy 2? 0.572 » 20 7.1 46.5+ 7.6 53.5+ 5.2 105.0+ 9.4 ®
CRSS1705.31+6044 Q 1.416 » .15 8.3 24.3£11.7 35.84+ 9.5 66.6x17.5 »
CRSS1705.44+-6031 Q 0.375 » 2.2 144 117.5+17.8 86.7+13.7 221.21426.1 »
CRSS1705.54+6042 Q 0.280 » 2.3 6.9 472.6+28.0 506.61+25.4 1028.4142.6 »
CRSS1706.4+46042 Q 1.142 » 2.1 13.2 55.3+12.7 20.11+ 8.8 87.3+17.3 »
CRSS2235.3+1340 Q 1.021 1991 Nov 24 2.0 125 10.14 5.2 43.5+ 7.0 56.9+ 9.2 700438
CRSS2250.041407 Q 1.159 1991 Nov 26 2.2 13.5 20.5+ 6.3 29.3+ 6.2 51.74 9.3 700254
CRSS2251.0+1418 Q 0.962 » 1.7 9.2 7.2+ 4.0 42.61 6.8 52.1+ 8.1 »
CRSS2324.7+2315 Q 1.828 1991 June 29 1.9 121 20.1+ 9.8 71.8410.7 100.1+15.7 200322
CRSS2324.8+2321 Q 0.447 » 16 78 51.0+11.3 125.0+13.0 193.7+£18.7 »

1 Q = Quasar , Sy = Seyfert Galaxies , HII = Starburst galaxies
- NLXG = narrow line X-ray galaxies not observed at intermediate-resolution
2 Net counts in the Soft (S = 0.1-0.4 keV), Hard (H = 0.5-2.0 keV) and Broad band (B = 0.1-2.4 keV)
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fable 5
Neighted Mean X-ray spectral index and Maximum Likelihood analysis

Maximum Weighted Number
Likelihood Mean Objects

Sample Gy Oint Qwum O

CRSS QSOs 1.32 033 127 043 58
CRSS RQ QSOs 1.31 0.33 1.25 043 56
CRSS NLXGs 1.64 0.34 174 0.43 8
EMSS NLXGs  0.72 0.06 0.71 0.31 5

T ———
e —




Table 6
Significance of Spearman Rank Correlation Analysis

: Variables Correlated Rs Pr d.of
CRSS Quasars
0, 2 —0.032  0.810 56
" ag, Lg -0.232  0.078 56
az, Lasoo & 0.050  0.710 56
az, Lasoo 4/Lz 0.311  0.018 56
CRSS NLXGs
Az, Z —0.833  0.010 6
az, Ly —0.810  0.015 6
az, La2soo & 0.286  0.490 6
@z, L2soo 1/Lz 0.952 2.6x10~* 6
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ABSTRACT

We present the results of the VLA Radio observations at 1.475 GHz (20 cm) of the
Active Galactic Nuclei (AGN) in the Ca.mbridge—Ca.mbridge ROS AT Serendipity Survey
(CRSS), a sample of 123 faint X-ray sources with £,(0.5-2.0 keV)> 2 x 10~ erg s-1
cm™2. Of the 80 AGN in the sample, seven show radio emission at 5 o level and only
two (2.5}19 %) qualify as Radio-Loud (RL) objects (a,, >0.35). This result, compared
with 13% RL in the Einstein Observatory Extended Medium Sensitivity Survey (EMSS)
sample of AGN (flux limit f,(0.3-3.5 keV)~ 2 x 10713 erg 5-1 cm™?) confirms that the
fraction of X-ray selected RL AGN drops rapidly as the X-ray flux limit is lowered.

Combining the CRSS AGN sample with that extracted from the EMSS we have studied
the X-ray Luminosity Function (XLF) and evolutionary properties for Radio-Quiet (RQ)

parameterised with a power law of the form L% (2) = L% (0)(1+2)*, we find k = 2.43+0.26
and k = 2.71 + 0.10 for RL and RQ AGN populations respectively. In addition, the
shape of the de-evolved XLF of the two classes appears to be different both at the low
luminosity (Lx < 10* erg s7') and high luminosity ends. These results are robust for
different cosmological models (using qo=0.0 and 90=0.5) and for different value of the
threshold e,, used to distinguish between RQ and RL objects. :
Finally we find that the differences in the shape of the XLF of RQ and RL AGN can
be explained by introducing an X-ray beaming model to separate the observed X-ray
luminosity of radio quasars into relativistically beamed and isotropic contributions.
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The Cambridge-Cambridge ROSAT Serendipity Survey —
V: Catalogue and Optical Identifications
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ABSTRACT

We report the results of a medium-depth X-ray survey of 20 ROSAT PSPC fields.
123 X-ray sources were detected down to a flux limit of S(0.5 — 2keV) > 2 x
10~ ergs—! cm=2? lying between that of the Einstein Extended Medium Sensitiv-
ity Survey and the deepest ROSAT surveys. Optical identifications of 110 of these
sources have revealed 68 QSOs, 12 NLXGs, 24 stars, 2 BL Lac objects, 2 galaxies and
two clusters. CCD imaging reveals the possible presence of galaxy groups or clusters
at the positions of a further 4 X-ray sources. The number-redshift and log N —log S
relations of the 68 QSOs are in better agreement with the faster rate of cosmological
evolution for X-ray QSOs derived from ROSAT deep surveys (Lx o (1 + 223'3‘ 01
Zmax = 1.79) than with the evolution obtained from the EMSS (Lx o (1 + 2)2-35%01),
the latter being rejected at greater than the 3o level as a model for the current sam-
ple. We present the optical spectra and measurements of the emission lines. The
equivalent width distributions are consistent with those of QSO samples selected in
other wavebands. We find no evidence for an inverse correlation between line width

and X-ray spectral slope as recently reported for other ROSAT QSO samples.

Key words: X-rays: general — galaxies: active — quasars: general

1 INTRODUCTION

The high sensitivity of the ROSAT PSPC has allowed a
number of X-ray surveys to be made to significantly fainter
flux levels than was previously possible (e.g. Shanks et
al. 1991, Hasinger et al. 1993, Branduardi-Raymont et al.
1994), shedding new light on the nature of faint X-ray
sources and their cosmological evolution. Results from one
deep ROSAT survey (Boyle et al. 1994) have previously
implied significantly faster QSO evolution than had been
deduced from earlier surveys at somewhat higher energies
such as the Einstein Medium Sensitivity Survey (Maccacaro
et al. 1991). This discrepancy is not well understood, pos-
sible explanations include the different energy ranges of the
EinsteinIPC (0.3~3.5keV) and ROSATPSPC (0.5-2keV),
which can result in different spectral components dominat-
ing the QSO X-ray spectra (see Ciliegi et al. 1995), and the
inclusion of the redshift cut-off in the modelling procedure
(Jones et al. 1996).

However, the EMSS and ROSAT deep survey also have
different characteristics. This can be seen from the X-ray
luminosity-redshift diagram for QSOs selected from the two
samples (Fig. 1). There is little or no overlap between
the distribution of QSO X-ray luminosities at a given red-
shift in the two surveys and thus they are sampling differ-
ent parts of the QSO population. In an attempt to fill in
the gap in the luminosity-redshift plane between these two

surveys, we made a survey of 20 medium-depth (5000 —
30000 sec) PSPC observations {the Cambridge-Cambridge
ROSAT serendipity survey, CRSS). The resulting sample,
with a flux limit between the EMSS (5(0.3 — 3.5keV) >
1x 103 ergs~ ! cm=2, Gioia et al. 1990) and the ROSAT
deep survey (S(0.5—-2keV) > 4x 10" 5 ergs~?! em™2, Boyle
et al. 1994), results in continuous coverage of the L,z plane
and overlaps with both the other samples, facilitating a sig-
nificantly improved comparison between the samples (see
Fig. 1). Other X-ray samples currently near completion, e.g.
the ROSAT International X-ray Optical Survey (RIXOS, see
Page et al. 1996) will also help to fill this important gap.

In this paper we report the X-ray source positions and
fluxes, the optical identifications and make a comparison
between this survey and the EMSS and ROSAT deep surveys
discussed above. In associated papers we also discuss the
nature of the significant subset of narrow emission-line X-
ray-luminous galaxies (NLXGs) found in this sample (Boyle
et al. 1995a: Paper I, Boyle et al. 1995b: Paper II), the X-
ray spectral properties of the QSOs in the sample (Ciliegi
et al. 1996, Paper 1V), and the radio fluxes of the sample
(Ciliegi et al. 1995, Paper I1I).

2 OBSERVATIONS

2.1 X-ray source detection
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Associated Absorption at Low and High Redshift

Martin Elvis!, Smita Mathurl, Belinda J. Wilkes!, Fabrizio Fiore!s?,
Paolo Giommi? & Paolo Padovani?

1: Harvard-Smithsonian Center for Astrophysics, 60 Garden St.,
Cambridge, MA 02138, USA

2: SAX Data Center, Roma, Italy

Abstract. Combining information on absorbing material in AGN from
X-ray and the UV creates a powerful investigative tool. Here we give
examples from both low and high redshift.

1. Introduction

At low redshift we have found that the ionized (“warm”) X-ray absorbers and
the associated UV absorbers in two radio-loud quasars were due to the same
material : an X-ray quiet quasar 3C351 ( Mathur et al. 1994) and a red quasar
3C212 (Elvis et al., 1994, Mathur 1994). In both cases the absorber is situated
outside the broad emission line region (BELR), is outflowing, and is highly
ionized. This delineates a new nuclear component in lobe-dominated, radio-loud
quasars. Could the same component explain all the X-ray and UV absorption
in AGN seen over the past 20 years and more (Anderson 1974, Ulrich 1988)?

We have recently tested this generalization using the best studied of all
AGN, NGC5548. We applied the same photoionization modeling method (Mathur
et al., 1994) to the X-ray and UV absorbers in NGC5548 to determine whether
consistent values for the abundances of all the observed ions could be obtained.
In NGC5548 the model must meet two extra requirements: it must not lead
to a density for the absorber in conflict with its recombination time; and the
distance of the absorber from the continuum source must not conflict with the
well-determined BELR size.

At high redshifts X-ray absorption and rest frame UV absorption have been
found together in a number of radio-loud quasars. The low energy X-ray cut-offs
in these objects are likely to be due to their environment. The absorption seen
in the high-z quasars may be similar to the low-z ‘’X/UV’ absorption, but on a
larger scale.

2. Testing the X/UV models with NGC5548

ASCA observations confirm the presence of an ionized absorber in NGC5548
with equivalent Nz = 3.8 x 1022 cm~? (Fabian et al. 1994a), and resolving the
OVII and OVIII absorption edges. An Fe-K edge is not detected (rp.—x < 0.1).
HST finds blueshifted UV absorption lines (Korista et al. 1995). The CIV and

1
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X-ray Absorption and High Redshift Quasars

Martin Elvis

Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge MA 02138, USA

Abstract. X-ray absorption now seems to be common
among several different types of high redshift (1<z<4)
quasar. We discuss (1) ‘low energy cut-offs’ toward z > 2
radio-loud quasars; (2) Red Quasars; and (3) Broad Ab-
sorption Line quasars.

1. Introduction - the value of high redshift

ROSAT’s capability to study fainter X-ray sources than
ever before opened up the range of AGN quasars that
could be reached to virtually the whole span of their prop-
erties. Rather than revisiting the objects made famous by
earlier missions, we therefore adopted a strategy of ex-
ploring this new parameter space (Elvis 1994), with the
high redshift range (1<z<4) being a major focus. ASCA
is now allowing us to slowly extend these studies, primar-
ily to higher energies. Redshift 3 quasars were the most
distant for which we could obtain ROSAT spectra.

High redshifts objects are faint. Why should we try
hard to study them? Apart from their ‘headline’ appeal
there are 4 reasons: (1) Time: we can probe the earli-
est epochs, about 1 Gyr after the big bang, when the first
star and galaxy formation is likely to be occuring; (2) Dis-
tance: they can be background light sources an so enable
“We X-ray the Universe” ! and let us see dark intervening
material; (3) Volume: Rare, extreme objects can turn up
in the 100-fold larger sample of the Universe accessible;
(4) Redshifting: makes new features technologically acces-
sible. Here we illustrate ‘three of these reasons.

Our original goal was to study changes of quasars’
emission as a function of their evolution (Bechtold et al.,
1995a, b). Instead unexpected absorption has become a
theme of these studies. I will only discuss absorption in
this presentation.

2. Cut-offs in z=3 Quasars - the value of time

The ROSAT PSPC spectra of z=3 quasars immediately
surprised us by often showing strong low energy cut-offs
(Elvis et al., 1994a), far larger than those expected due to
Universe’ conference

! ©‘Roentgenstrahlung in the

organizers. .

absorption by our galaxy. We now believe that these cut-
offs are associated with the quasars because they are only
seen in radio-loud quasars. The horizontal lines in figure
1 are the expected PSPC colors for quasars with the mea-
sured Ginga low z slopes (2-10 keV, rest frame, Williams
et al., 1992). Absorbed quasars would lie below this line.
(Two of the quasars with measured low-energy cut-offs do
in fact lie in this region)Only the radio-loud population
has a population of quasars below the line. The difference
is significant at the 99.5% level for quasars with z>2. Im-
mediately this tells us the crucial point: The low energy
cul-offs are associaled with the guasars themselves. With
WGACAT (White, Giommi & Angelini, 1995) we are at
the limit of detecting this effect. For 2>2.5 this difference
is 89%, so a few more objects at 2>2.5 would strengthen
this results greatly. Note that the X-ray cut-off quasars
have normal strong UV continua (Kuhn et al., 1996) so
reddening by dusty intervening material (e.g. Fall 1995),
which would bias us toward radio-loud objects having X-
ray cut-offs, is ruled out.

Although the Poisson error bars are large, there is a
strong hint that the cut-off fraction of quasars rises rapidly
from z~2 (figure 2a, b). This indicates that the cut-offs
are more common in the past than now, i.e. cut-offs are
an evolutionary effect. As in quasar population evolution
(Boyle et al., 1987), z~2 is special, which may not be a
coincidence.

Knowing that the cut-offs are at the redshift of the
quasar allows us to begin interpreting the results. if we
also assume absorption is the cause, then we can constrain
the physical conditions of the absorbers. If we fit this cut-
oflf with absorption at the quasar we find we need col-
umn densities of order 1022 atoms cm~2. For Milky Way
dust-to-gas ratios this would produce Ay= 4.2 (Jenkins
& Savage 1974, Seaton 1979). The strong UV bumps in
these quasars limits Ay <<1 (Kuhn et al., 1996), so the
absorber must have a low dust-to-gas ratio, as in the
BALQSO PHL5200 (see §4, Mathur, Elvis & Singh, 1995},
but unlike the Red Quasar 3C212 (see §3, Elvis et al.,
1994b, Mathur 1994).

Absorption by a neutral hydrogen column would pro-
duce strong absorption in the optical/UV spectrum of
these quasars. At 10?2 atoms cm ™2 damped Lyman-a ab-
sorption should be found, which is not seen; nor is Lyman-
limit absorption near the quasar redshift seen, so the neu-
tral hydrogen column must be below 10'7® atoms em™=?2

AT
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THE SOFT X-RAY PROPERTIES OF A COMPLETE SAMPLE OF OPTICALLY SELECTED
QUASARS. 1. FIRST RESULTS

ARI LAOR,' FABRIZIO FIORE,>'®> MARTIN ELvis,2 BELINDA J. WILKES,2 AND JONATHAN C. McDOWELL?
Received 1993 October 21; accepted 1994 May 1]

ABSTRACT

We present the results of ROSAT PSPC observations of 10 quasars. These objects are part of our ROSAT
program to observe a complete sample of optically selected quasars. This sample includes all 23 quasars from
the bright quasar survey with a redshift z < 0.400 and a Galactic H 1 column density N§3' < 1.9 x 102° cm ™2,
These selection criteria, combined with the high sensitivity and improved energy resolution of the PSPC, allow
us to determine the soft (~0.2-2 keV) X-ray spectra of quasars with about an order of magnitude higher
precision compared with earlier soft X-ray observations. '

The following main results are obtained: Strong correlations are suggested between the soft X-ray spectral
slope . and the following emission line parameters: Hf FWHM, Lo, and the Fe n/Hp flux ratio. These
correlations imply the following: (1) The quasar’s environment is likely to be optically thin down to ~0.2
keV. (2) In most objects «, varies by less than ~10% on timescales shorter than a few years. (3) «, might be a
useful absolute luminosity indicator in quasars. (4) The Galactic He 1 and H 1 column densities are well corre-
lated.

Most spectra are well characterized by a simple power law, with no evidence for either significant absorp-
tion excess or emission excess at low energies, to within ~30%. We find {a,> = —1.50 + 0.40, which is con-
sistent with other ROSAT observations of quasars. However, this average is significantly steeper than
suggested by earlier soft X-ray observations of the Einstein IPC. The 0.3 keV flux in our sample can be pre-
dicted to better than a factor of 2 once the 1.69 ym flux is given. This implies that the X-ray variability power
spectra of quasars flattens out between f~ 1073 and f~ 10”2 Hz.

A steep «, is mostly associated with a weak hard X-ray component, relative to the near-IR and optical
emission, rather than a strong soft excess, and the scatter in the normalized 0.3 keV flux is significantly
smaller than the scatter in the normalized 2 keV flux. This argues against either thin or thick accretion disks
as the origin of the soft X-ray emission. Further possible implications of the results found here are briefly

discussed.

Subject headings: accretion, accretion disks — ISM: abundances — quasars: general — X-rays: galaxies

1. INTRODUCTION

Despite 30 years of intensive research the energy source of

quasars is not yet established. Quasars have been detected over
a very wide energy range, from the radio to hard y-rays.
However, more than half of their extreme power is typically
concentrated over a relatively small energy range, from the
optical to soft X-rays {(e.g., Sanders et al. 1989). The UV power
generally rises with increasing energy, while the soft X-ray
power (below ~1 keV) generally falls with increasing energy,
indicating that the peak power of quasars is emitted some-
where in the extreme UV (a few hundred angstroms). An accu-
rate determination of the continuum emission of quasars near
their power peak energy is important for testing and con-
straining possible emission mechanisms.

The large Galactic opacity prevents a direct observation of
the extreme UV in quasars. One alternative is to observe the
UV spectra of very high redshift quasars (e.g., Reimers et al.
1992); however, this approach is limited by the high abundance
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of Lyman limit systems at z 2 3. The other alternative,
adopted here, is to go to the other side of the Galactic opacity
barrier and to observe low-redshift quasars in very soft X-rays.
The X-ray properties of quasars have been studied exten-
sively over the last decade using HEAOQ-1, Einstein, EXOSAT,
and Ginga (e.g., Mushotzky 1984; Wilkes & Elvis 1987; Cani-
zares & White 1989; Comastri et al. 1992; Lawson et al. 1992;
Williams et al. 1992; and a recent review by Mushotzky, Done,
& Pounds 1993). These observations indicate that the X-ray
cmission above 1-2 keV is well described by a power law with
a spectral slope a, = dInf,/dInv of about —0.5 for radio-loud

- quasars and about — 1.0 for radio-quiet quasars.

As mentioned above, X-ray observations below 1 keV indi-

cate a spectral steepening, or equivalently an excess emission,

relative to the flux predicted by an extrapolation of the hard
X-ray power law (e.g., Arnaud et al. 1985; Wilkes & Elvis 1987;
Turner & Pounds 1989; Masnou et al. 1992; Comastri et al.
1992). In some objects the excess can be described as a very
steep and soft component, which is consistent with the Wien
tail of a hot thermal component dominating the UV emission.
However, these studies were limited by the low signal-to-noise
ratio (S/N) and energy resolution of the Einstein IPC and the
EXOSAT LE detectors, in particular in the crucial energy
range below 0.5 keV. This prevented an accurate determi-
nation of the soft X-ray emission spectrum of quasars. Further-
more, the objects studied do not form a complete sample, and
these results are likely to be biased by various selection effects
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ATLAS OF QUASAR ENERGY DISTRIBUTIONS!

MARTIN ELV1s,? BELINDA J. WILKES,? JONATHAN C. MCDOWELL,2 RICHARD F. GREEN, * JILL BECHTOLD,*
S. P. WILLNER,? M. S. OEY, ** ELISHA POLOMSKI, >* AND RoC CUTRI?
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ABSTRACT

We present an atlas of the spectral energy distributions (SEDs) of normal, nonblazar, quasars over the whole
available range (radio to 10 keV X-rays) of the electromagnetic spectrum. The primary (UVSX) sample includes
47 quasars for which the spectral energy distributions include X-ray spectral indices and UV data. Of these, 29 are
radio quiet, and 18 are radio loud. The SEDs are presented both in figures and in tabular form, with additional
tabular material published on CD-ROM. Previously unpublished observational data for a second set of quasars
excluded from the primary sample are also tabulated. The effects of host galaxy starlight contamination and
foreground extinction on the UVSX sample are considered and the sample is used to investigate the range of SED
properties. Of course, the properties we derive are influenced strongly by the selection effects induced by quasar
discovery techniques. We derive the mean energy distribution (MED) for radio-loud and radio-quiet objects and
present the bolometric corrections derived from it. We note, however, that the dispersion about this mean is large
( ~one decade for both the infrared and ultraviolet components when the MED is normalized at the near-infrared
inflection). At least part of the dispersion in the ultraviolet may be due to time variability, but this is unlikely to be
important in the infrared. The existence of such a large dispersion indicates that the MED reflects only some of the
properties of quasars and so should be used only with caution.

Subject headings: atlases — galaxies: photometry — quasars: general

1. INTRODUCTION

One of the reasons that main-sequence stars are much better
understood than quasars is that they radiate (almost) black-
body spectra with temperatures between ~4000 and ~ 30,000
K, s0 that their blackbody peak moves conveniently through
the optical band. The resulting strong color changes allowed
the early recognition of the main sequence in the Hertzprung-
Russell diagram. By showing that most stars lie in a restricted
band of color and luminosity, this diagram provided a crucial
input to theories of stellar structure. The current lack of under-
standing of quasars may correspondingly be due to the distri-
bution of their continuum light. Because the quasar phenome-
non covers an extremely broad range of wavelengths, it is hard
to see continuum features analogous to the blackbody peak in

normal stars. Quasars emit almost constant power per decade _

of frequency from 100 um to at least 100 keV (see, e.g., Fig. 1
of Carleton et al. 1987). While this equipartition is surprising
and may be to some extent an observational artifact (Brissen-
den 1989; Elvis 1991), it contains too little information to
constrain theoretical ideas. Overcoming this problem requires
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Universities for Research in Astronomy, Inc., under contract with the
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4 Steward Observatory, University of Arizona, Tucson, AZ 85721.

% Center for EUV Astrophysics, Berkeley, CA. ‘
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the assembly of spectral energy distributions (SEDs) for siz-
able samples of quasars over the whole accessible range of the
electromagnetic spectrum from radio to hard X-rays (and in
the future, gamma rays).

In this paper we present SEDs for a sample of 47 quasars. We
concentrate on “‘normal” quasars with little or no polarization
and no dramatic optical variability. Our primary selection cri-
teria were (1) existing Einstein observations at good signal-to-
noise ratio (to ensure good X-ray spectra), and (2) an optical
magnitude bright enough to make an JUE spectrum obtain-
able. Making the primary selection at these wavelengths means
that not all the sample are detected in the JRAS data.

Several previous studies of quasar SEDs have been pub-
lished. Each emphasized a particular region, and none consid-
ered the X-rays in detail. Early work included SEDs for JRAS-
bright AGNs by Edelson & Malkan (1986), and for hard
X-ray-selected Seyfert galaxies by Ward et al. (1987). Infrared
to optical SEDs for the PG quasars were presented by Sanders

" et al. (1989) with an emphasis on explaining the infrared.

Near-infrared to ultraviolet SEDs for JUE observed quasars
were presented by Sun & Malkan (1989). Our study is differ-
ent in that it includes X-ray data, divided into three energy
bands in many cases, for all the objects, and includes both JUE
and JRAS data. The X-rays are important to define the total
luminosity and are crucial in overall modeling as they seem to
come most directly from the central source. The sample is
fairly evenly divided between radio-quiet and radio-loud ob-
jects.

We present the data in § 4 and the necessary corrections for
reddening, variability and, importantly, host galaxy contribu-
tions in § 5. Section 6 discusses the properties of the SEDs,
including their mean and dispersion. First, however, we out-
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ABSTRACT

We present and discuss an X-ray image and a medium resolution X-ray spectrum of the
Seyfert 2 galaxy NGC 2110 obtained with the High Resolution Imager (HRI) on the Rosat
X-ray Observatory (0.1-2.4 keV) and Goddard’s Broad Band X-ray Telescope (BBXRT;
0.3-11 keV), respectively. Spatially resolved soft X-ray emission, which peaks 4" to the
north of the nucleus and near the position of the highest excitation optical emission line
gas, is seen in the HRI observation. The extent has a flux of ~3x10~12 ergs em™2 s~! and
accounts for 11 + 3% of the total 0.1-2.4 keV flux. To model the BBXRT spectrum, a soft
excess component is required which has a flux of ~3.5x107!2 ergs cm™? s~! and accounts
for ~14 & 6% of the total 0.1-2.4 keV flux. In addition, BBXRT confirms the presence of
an ~175 eV EW Fe Ka fluorescence line in NGC 2110.

Because of the good agreement between their fluxes, we propose that the soft excess arises
from the spatially resolved X-ray emission. This is contrary to previous suggestions that
the spectral soft excess in NGC 2110 is due to leakage of the X-ray continuum through a
patchy absorber. The temperature of the gas responsible for the soft excess is too high
to be accounted for by local shock heating. In order to explain the soft excess and extent
as either scattered continuum X-rays or fluorescence from gas photoionized by the nuclear
source, the hard X-rays must be emitted anisotropically. However, the soft excess and
extent can be well modeled as thermal emission from a hot, outflowing wind, which may
also be responsible for confining at least some portion of the optical narrow line-emitting
clouds.

Subject Headings: galaxies: individual (NGC 2110) - galaxies: interstellar matter -
galaxies: nuclei - galaxies: Seyfert - X-rays: galaxies



X-RAYS AND HIGH REDSHIFT QUASARS

Martin Elvis
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ABSTRACT

X-ray observations of high redshift (z~3) quasars have yielded a wealth of sur-
prises, both in their emission spectra, and in their absorption properties. The same
observations can place limits on a hot diffuse IGM (the “X-ray Gunn-Peterson test™),
and on physical conditions in damped Lyman-a absorbers. This paper reviews the
current status of the ROSAT observations, and looks forward to the diagnostics that
will be provided by ASCA and other spectroscopy missions, such as AXAF.

1. The Moving Frontier

At the Nagoya meeting on ‘Frontiers of X-ray Astronomy’ in 1991 I showed the
X-ray frontier for quasars in several observable dimensions, e.g. apx, redshift (Elvis
1991), and speculated on how our ideas of what was true for quasars in general may
be biased by our limited observing capabilities.

Since then we have pursued a strategy with ROSAT that explores the whole pa-
rameter space of quasars - high redshift, X-ray quiet (Fiore et al 1993, Mathur et
al 1994), optically-quiet (Elvis et al 1994a, Mathur 1994), IR-quiet and radio-silent
(Aldcroft et al 1994 in preparation), high signal-to-noise (Fiore et al 1994), and low
Galactic Ny (Laor et al 1994). Figure 1 shows the 1991 frontier projected into (cox,
z) space. Our new ROSAT PSPC points are superposed, showing how far we have
reached beyond our knowledge of 3 years ago.
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Figure 1: Observed regions in (apx,z) space. Stars show our ROSAT points,
filled squares the IPC spectral observations, defining the 1991 ‘frontier’- approx-
imated by the dashed line.



THE UNUSUAL QUASAR PG1407+265

Jonathan C. McDowell', Claude Canizares®, Martin Elvis!, Andrew Lawrence?, Sera
Markoff4, Smita Mathur!, Belinda J. Wilkes!

Astrophysical Journal, 1995 Sep 10, in press
ABSTRACT

PG1407+265, discovered in the Palomar-Green Survey (Schmidt and
Green 1983), was identified as a redshift one radio-quiet quasar on the basis
of a single weak line. Further observations over a wide wavelength range
confirm the identification, but reveal the object to have unusual emission line
properties. Broad Ha is the only strong emission line, with H3 and Lyman a
almost undetectably weak. The emission lines show a range in redshift of over
10000 km/s, systematically decreasing with ionization potential, or almost
equivalently, increasing to longer wavelengths. z = 0.94 + 0.02 is a reasonable
statement of our knowledge of the quasar’s redshift. However, the object’s -
continuum properties are those of a normal radio-quiet quasar. We discuss a
number of possible models for the object, but its nature remains puzzling.

Subject headings: Galaxies: Quasars

1Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138
?University of Edinburgh

3Massachussets Institute of Technology, Cambridge MA

4Dept. of Physics and Steward Observatory, University of Arizona



Center for Astrophysics
Preprint Series No. 4112

TESTING MODELS FOR THE QUASAR BIG BLUE
BUMP VIA COLOR-COLOR DIAGRAMS.

Aneta Siemiginowska, Olga Kuhn, Martin Elvis, Fabrizio Fiore*
Jonathan McDowell and Belinda J. Wilkes '
Harvard-Smithsonian Center for Astrophysics
60 Garden St, Cambridge MA 02138

* Present address: Osservatorio Astronomico di Roma
via dell’Osservatorio 5, Monteporzio-Catone (RM), 100040 Italy

May 31, 1995



Abstract

We discuss several models of quasar big blue bump emission in color-color and
color-luminosity diagrams. We define several broad passbands: IR (0.8—1.6pm), VIS
(4000 — 8000A), UV (1000 — 20004 ), UV1(1400 — 20004 ) and UV2 (1000 — 14004),
$X(0.2-0.4 keV). The colors have been chosen to investigate characteristics of the
big blue bump: (1) IR/VIS color represents the importance of the IR component
and shows the contribution around ~ lum; (2) UV/VIS color shows the slope of
the big blue bump: in a region where it dominates a higher value means the bump
gets steeper; (3) the combination of IR/VIS/UV colors shows the relative strength
of the big blue bump and the IR component; (4) UV1/UV?2 color is important as an
indicator of a flattening of the spectrum in this region and the presence of the far-UV
turn-over. (5) UV/SX tests the relationship between the big blue bump and the soft
X-ray component. All colors are needed to investigate the range of model parameters.

We describe the colors for several models: accretion disk models in
Schwarzschild and Kerr geometries, single temperature optically thin emission, com-
bination of the main emission model and non-thermal power law or dust, irradiation
of the disk surface. We test models against the sample of 47 low redshift quasars
from Elvis et al. (1994, Paper I). We find: (1) modified blackbody emission from an
accretion disk in a Kerr geometry can successfully reproduce both the luminosities and
colors of the quasars except for the soft X-ray emission; (2) no additional components
(ot dust or power law) are needed to fit the optical-UV colors when the irradiation
of the surface of the disk is included in the model; (3) even modest (10%) irradiation
of the surface of the disk modifies significantly the optical colors; (4) the simplest,
single temperature, free-free models need either an additional component or a range
of temperatures to explain the observations.

Tables of predicted colors for each model family are provided on the AAS
CD-ROM.
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ASSOCIATED X-RAY ABSORPTION
IN HIGH REDSHIFT QUASARS

MARTIN ELVIS AND FABRIZIO FIORE
Harvard-Smithsonian Center for Astrophysics
60 Garden St., Cambridge MA 02138 USA

1. Introduction

When ROSAT was launched in June 1990 it provided X-ray astronomy with
the capability to study fainter sources that had hitherto heen accessible.
This opened up the range of AGN quasars that could be reached to virtually
the whole span of their properties. So, instead of revisiting the same objects
made famous by earlier missions, we adopted a strategy of exploring this
new parameter space (Elvis 1994). The most obvious of the parameters to
push was redshift, since almost no X-ray spectra of quasars at z > 0.5 were
then available. Redshift three quasars were the most distant for which we
could obtain strong ROSAT detections.

The ROSAT PSPC spectra of z = 3 quasars immediately surprised
us by often showing strong low energy cut-offs (Elvis et al., 1994), far
larger than those expected due to absorption by our galaxy. We now believe
that these cut-offs are associated with the quasars. Assuming photoelectric
absorption by cold gas ! to be the cause this proximity allows us to derive
some properties of the absorber.

2. Low Energy Cut-offs in High z Quasars

The signature of these low energy cut-offs is not subtle. Figure 1a shows a
PSPC pulse height spectrum of a high z quasar with only absorption due
to our galaxy. Figures 1b,c show two other quasars in which the low energy
counts are clearly missing.

If we fit this cut-off with absorption at the quasar we find we need
column densities of order 1022 atoms cm™2, however we cannot determine
the absorber redshift from the PSPC data. If the absorber is closer to us

14Cold gas” is a relative term. For an X-ray astronomer it means, roughly <10%K, so
that metal atoms are not fully stripped.

239

M. N. Bremer e1 al. (eds.), Cold Gas ar High Redshift, 239-244.
© 1996 Kluwer Academic Publishers. Printed in the Netherlands.



X-ray Absorption in GPS and CSS Quasars
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ABSTRACT

We have selected quasars with X-ray colors suggestive of a low energy cut-off, from
the ROSAT PSPC pointed archive. We examine the radio and optical properties of
these quasars. All seven (non-blazar) quasars with good optical spectra show optical
absorption lines and/or reddening associated with the quasar. We conclude that
absorption is highly likely to be the cause of the X-ray cut-offs, and that the absorbing
material associated with the quasars, not intervening along the line-of-sight.

Almost all of the high redshift objects are Gigahertz Peaked Spectrum radio sources
or candidates. The link with GPS sources strongly suggests that the absorption i
extended on the scale of the radio sources (i.e. pc - kpc). These observations show
that more detailed X-ray observations, using e.g. AXAF, are likely to reveal much
about quasar environments at high redshift.

1. Imtroduction

The first X-ray spectra of high z quasars showed strong low energy cut-offs and a tantalizing
connection of these with GPS quasars (Elvis et al., 1994). We have now scoured the 60,000 sources
in the ROSAT pointed PSPC database (using ‘WGACAT’, White, Giommi & Angelini 1995) to
gather more statistics on this. WGACAT contains 456 PSPC X-ray sources identified with known
quasars at 2>0.1 and with signal-to-noise >7. ! Of these quasars 21 have z>2. While this is not
a large number, it is a big increase over earlier work. However only four quasars with z>2.5 are
radio-quiet. The soft X-ray color (S/M) was converted into an effective low energy power-law
slope, as, by making a small correction for counts missed by the WGACAT selection process, and
assuming absorption by the Galactic column density.

We find (Fiore et al., 1996, Paper I):

1The redshift cut avoids Seyfert galaxies, for which nuclear absorption is common, Lawrence & Elvis 1982).
The minimum signal-to-noise gives two X-ray ‘colors’ from three bands: soft (S=0.1-0.39 keV), medium (M=0.40-
0.86 keV), and hard (H=0.87-2.0 keV).
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ON THE OBSERVATIONAL EVIDENCE
FOR ACCRETING BLACK HOLES IN
QUASARS

Fabrizio Fiore*,** and Martin Elvis**

* Osservatorio Astronomico di Roma
** Harvard-Smithsonian Center for Astrophysics

ABSTRACT

We review (mainly high energy) observations which could lend support to (or dismiss) the hypoth-
esis of an accreting central black hole in quasars. Direct imaging is not powerful (1). We focus on
three main topics: 2) variability as a constraint of the quasar compactness; 3) X-ray continuum; 4)
X-ray spectral features, expected from reprocessing of the X-ray radiation from matter near the
X-ray source. We argue that the above observations provide a weaker evidence than once thought
for a black hole as the engine of quasars. New tests will come from (5) the study of the evolution
of the quasar Spectral Energy Distribution (SED) in the framework of models of quasar physical
evolution. We present some new results, obtained comparing ROSAT X-ray observations of z=2-3
quasars with previous monitoring of low-z quasars, which represent a first steep in this direction.

€1997. Published by Elsevier Science Ltd on behalf of COSPAR. All rights reserved

1. DO WE HAVE DIRECT PROOFS FOR A BLACK HOLE IN QUASARS?

The longstanding ‘best buy’ model for the underlying power source in quasars ! is accretion onto

a massive black hole. There are four traditional main areas of observational support for the black
hole theory:

(1) IMAGING: VLBI sizes; stellar cusps.

(2) VARIABILITY: X-ray compactness; microlensing.

(3) GALACTIC ANALOGS: similarity with Galactic black hole candidates (BHC).

(4) DYNAMICS: Fe—K line profiles; H-a line profiles; HST stellar velocity dispersions (e.g. M87).
To which we may now add:

(5) EVOLUTION: a new family of tests using characteristic break luminosities and redshifts.

We are not going to give a complete review of all above observational efforts, rather we will focus on
a few topics, most of which related with high energy observations, organized in order of decreasing
‘strength’. We think that, in order to understand how constraining the observations truly are on the
black hole model, it is instructive to compare it to an alternative. The Starburst model of quasars
/1/, where the central engine is not a compact object but the core of an elliptical galaxy, is the
most developed of competing quasar models. So we use this as our ‘sparring partner’ throughout.

2. VARIABILITY

The strongest tests and constraints on quasar compactness come from observations of microlensing
in the optical band and fast variations in the X-ray band. We discuss these next. But first we
must dispense with the false clues introduced by relativistic beaming.

Beamed Sources

lwe shall use ‘quasars’ to refer to all types of activity including all active galactic nuclei, Seyferts, and both
radio-loud and radio—quiet objects. We will distinguish only BL Lacs as a separate class in this papers.
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ABSTRACT

We present the final results of a ROSAT PSPC program to study the soft X-ray emission properties of
a complete sample of low-z quasars. This sample includes all 23 quasars from the Bright Quasar Survey
with z <0400 and NS < 1.9 x 10*°® cm ™2 Pointed ROSAT PSPC observations were made for all
quasars, yielding high signal-to-noise (S/N) spectra for most objects, which allowed an accurate determi-
nation of the spectral shape. The following main results were obtained:

1. The spectra of 22 of the 23 quasars are consistent, to within ~30%, with a single power-law model
at rest-frame 0.2-2 keV. There is no evidence for significant soft excess emission with respect to the best-
fit power law. We place a limit (95% confidence) of ~5 x 10'? cm™2 on the amount of exdess fore-
ground absorption by cold gas for most of our quasars. The limits are ~1 x 10!® cm™? in the two
highest S/N spectra.

2. The mean 0.2-2 keV continuum of quasars agrees remarkably well with an extrapolation of the
mean 1050-350 A continuum recently determined by Zheng et al. (1996) for z > 0.33 quasars. This sug-
gests that there is no steep soft component below 0.2 keV.

3. Significant X-ray absorption (r > 0.3) by partially ionized gas (“warm absorber”) in quasars is
rather rare, occurring for <5% of the population, which is in sharp contrast to lower luminosity active
galactic nuclei (AGNs), where significant absorption probably occurs for ~50% of the population.

4. Extensive correlation analysis of the X-ray continuum emission parameters with optical emission-
line parameters indicates that the strongest correlation is between the spectral slope o, and the HB
FWHM. A possible explanation for this remarkably strong correlation is a dependence of , on L/Lgyg,
as seen in Galactic black hole candidates.

5. The strong correlations between «, and Loy, Fe n/Hp, and the peak [O m] to Hp flux ratio are
verified. The physical origin of these correlations is still not understood.

6. There appears to be a distinct class of “X-ray-weak ” quasars, which form ~10% of the population
(three out of 23), where the X-ray emission is smaller, by a factor of 10-30, than expected based on their
luminosity at other bands and on their HB luminosity. These may be quasars in which the direct X-ray
source is obscured and only scattered X-rays are observed.

7. Thin accretion disk models cannot reproduce the observed 0.2-2 keV spectral shape, and they also
cannot reproduce the tight correlation between the optical and soft X-ray emission. An as yet unknown
physical mechanism must be maintaining a strong correlation between the optical and soft X-ray emis-
sion.

8. The H 1/He I ratio in the high Galactic latitude ISM must be within 20%, and possibly within 5%,
of the total H/He ratio of 10, which indicates that He in the diffuse H o gas component of the inter-
stellar medium is mostly ionized to He m or He m.

We finally note the intriguing possibility that although (a.> in radio-loud quasars (—1.15 £ 0.14) is
significantly flatter than in radio-quiet quasars (—1.72 + 0.09) the X-ray emission may not be related to
the presence of radio emission. The difference in {a,) may result from the strong a, versus Hf FWHM
correlation and the tendency of radio-loud quasars to have broader HB.

Subject headings: galaxies: active — galaxies: nuclei — quasars: general — X-rays: galaxies

1. INTRODUCTION pared with earlier missions (some of which were not sensi-

Quasars emit most of their power in the ultraviolet to soft tive below 2 keV), such as HEAO-I, Einstein, EXOSAT,
X-ray regime. The position-sensitive proportional counter and Ginga (e.g, Mushotzky 1984; Wilkes & Elvis 1987;
(PSPC) detector aboard ROSAT allowed a significantly Canizares & White 1989; Comastri et al. 1992; Lawson et
improved study of the soft X-ray emission of quasars com- al. 1992; Williams et al. 1992; and a recent review by
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Abstract. This paper summarises the X-ray properties of NGC 1068 from
the observers perspective and reports new observations with the ROSAT
HRI. Below 2~ 2 keV, the spectrum is steep and probably represents thermal
emission from gas with temperature kT =~ 0.1 - 0.6 keV. Above =~ 2 keV,
the spectrum is much flatter and may be described by a power-law with
energy index o =~ 0.3. Images with the ROSAT HRI reveal that about half
the X-ray flux in the 0.1 - 2.4 keV band is extended on scales > 5” (360 pc).
Recent ROSAT PSPC observations of starburst galaxies show integrated
soft X-ray spectra which are very similar to that of NGC 1068 below 2 keV.
The spatially extended, steep, soft X-ray emission of NGC 1068 probably
originates through thermal emission from a hot wind driven by the disk
starburst, the Seyfert nucleus or a combination of the two. On the other
hand, the hard emission above 2 keV is almost certainly dominated by the
Seyfert nucleus.

1. Introduction

There are many reasons to be interested in the X-ray properties of NGC
1068. If the galaxy contains a hidden Seyfert 1 nucleus (Antonucci & Miller,
1985), we may hope to see the associated compact hard X-ray source either
directly or after scattering by electrons. In the latter case, the X-rays must
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ABSTRACT

We have derived the quasar luminosity function assuming that the quasar activity is driven by a thermal-viscous
unstable accretion disk around a supermassive black hole. The instabilities produce large amplitude, long-term
variability of a single source. We take a light curve of a single source and calculate the luminosity function from
the fraction of time it spends at each luminosity. Convolving this with an assumed mass distribution we were able
to fit well the observed optical luminosity function of quasars at four redshifts. As a result we obtain the evolution
of the mass distribution between redshifts 2.5 and 0.5.

The main conclusions are as follows: (1) the quasar long-term variability due to the disk thermal-viscous
instabilities provides a natural explanation for the observed quasar luminosity function; (2) the peak of the mass
function evolves toward lower black hole masses at lower redshifts by a factor ~10; (3) the number of high-mass
sources declines rapidly, so low-mass sources become dominant at lower redshift; (4) outbursts of activity appear
as long as the matter is supplied to the accretion disk; (5) since the time-averaged accretion rate is low, the
remnant sources (or sources in the low activity phase) do not grow into very massive black holes; and (6) a
continuous fuel supply at a relatively low accretion rate (~0.01-0.1 Mgy,) for each single source is required over

the lifetime of the entire quasar population.

Subject heading: accretion: accretion disks — cosmology: theory — quasars: general

1. INTRODUCTION

The quasar luminosity function has been studied for the last
three decades and is observationally now quite well deter-
mined as a function of redshift for z < 4 (see, e.g., Boyle et al.
1991). However, there have been few attempts to derive the
luminosity function from physical models of the quasar power
engine. There are three possible phenomenological scenarios
(Cavaliere & Padovani 1988): long-lived objects, recurrent
objects (possibly related to galaxy mergers), and a single short
event over the whole host galaxy lifetime. Continuous models
imply masses for the remnant black holes that are too large,
and accretion rates that are too low (Cavaliere et al. 1983;
Cavaliere & Szalay 1986; Cavaliere & Padovani 1988, 1989;
Caditz, Petrosian, & Wande] 1991).

Short-lived models have been studied more recently. Hach-
nelt & Rees (1993) assumed that new quasars were born at
successive epochs with a short active phase followed by a rapid
exponential fading because of exhaustion of fuel. They used
the cold dark matter formalism (Press & Schechter 1974) to
estimate the number of newly forming dark matter halos at
different cosmic epochs. Small & Blandford (1992) suggested
a scenario involving a mixture of continuous and recurrent
activity. They assumed that newly formed sources achieve the
Eddington luminosity quickly such that the accretion rate is
limited by radiation pressure. The break in the luminosity
function is related to the boundary between the continuous
and intermittent accretion phases originating in the amount of
fuel supply to the black hole.

However, none of these models relate directly to the
physical processes responsible for powering a quasar. They
simply invoke sources that emit at the Eddington luminosity
for a certain time and then fade below an observational
threshold. Here we describe a scenario which for the first time
derives the luminosity function from a specific physical pro-
cess.

L9

The time evolution of an accretion disk around a supermas-
sive black hole (the main components of the standard quasar
paradigm) exhibits large variations on long timescales because
of thermal-viscous instabilities (Siemiginowska, Czerny, &
Kostyunin 1996, hereafter SCK96; Mineshige & Shields 1990).
Depending on the assumed disk model, variations of up to a
factor ~10° can be produced on timescales of 10°-10° years.
Here, we assume that all quasars are subject to this variability.
We then take the light curve of a single source and calculate
the luminosity function of a population of identical sources
from the fraction of time it spends at each luminosity. Con-
volving this with an assumed mass distribution, we fitted the
observed quasar luminosity function at four redshifts. As a
result, we obtain the evolution of the mass distribution be-
tween redshifts 2.5 and 0.5.

2. EVOLUTION OF AN ACCRETION DISK

Accretion onto a supermassive black hole is the leading
model for powering quasars (see, e.g., Rees 1984). The
accretion process is frequently described using the model of a
stationary thin disk (Lynden-Bell 1969; Shakura & Sunyaev
1973). However, there are both observational and theoretical
arguments indicating that time-dependent effects in the accre-
tion process are of extreme importance. Observationally, the
evidence for global evolutionary effects is compelling in accre-
tion disks around Galactic X-ray sources. Outbursts (by factors
>10*) of cataclysmic variables or X-ray novae last for weeks or
months and happen every few months to years. The outbursts
are essentially caused by the disk thermal instability in the
partial ionization zone (Meyer & Meyer-Hoffmeister 1982;
Smak 1982; see also Cannizzo 1993 for review). There is a
strong similarity between Galactic X-ray sources and active
galactic nuclei (AGNs) both in spectral behavior and in overall
variability (Fiore & Elvis 1997; Tanaka & Lewin 1995), which
leads us to expect similar accretion-disk behavior in AGNs.
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ABSTRACT

PHL 6625, a z=0.38, radio-quiet quasar, shows a clear excess of low-energy
absorption in its ROSAT PSPC soft X-ray spectrum. This absorption is almost
certainly produced by the interstellar medium in NGC 247, a foreground spiral
galaxy, which lies ~3.4 kpc (4.6 arcmin) away in projection. Comparison of the X-
ray absorption and the 21-cm H 1 column density through NGC 247 suggests a larger
than expected effect in X-rays. Several possibilities are considered to explain this
apparent discrepancy. Additional high-velocity H1 components of the interstellar
medium are currently the most plausible cause. PHL 6625 also clearly decreased in
its soft X-ray flux by a factor of 2 in 6 months. o

Key words: galaxies: active — galaxies: individual: NGC 247 - galaxies: ISM -
quasars: individual: PHL 6625 — X-rays: galaxies.

1 INTRODUCTION

Probes of the interstellar medium (ISM) of galaxies via
absorption in the spectra of background quasars have
proven valuable in the ultraviolet, the radio and, more
recently, the millimetre bands (Savage et al. 1993; Braun
1995; Combes & Wiklind 1996). In principle, X-ray absorp-
tion spectra can also provide valuable diagnostics of metal
abundances and other properties, especially for partially
ionized components of the ISM. Up to now, X-ray instru-
ments have not been powerful enough to be used in this
way. Here we present the first clear example, other than the
Milky Way, of X-ray absorption of a quasar by a foreground
galaxy.

X-ray absorption in quasars is rare (Wilkes & Elvis 1987;
Laor et al. 1997), unlike the situation in the lower lumino-
sity Seyfert galaxies (Turner & Pounds 1989). Recent work
has shown that some radio-loud quasars, particularly at high
redshift, do show X-ray absorption (Elvis et al. 1994, 1998;
Fiore et al. 1998) but that radio-quiet quasars do not.

There was only one clear exception to this rule in a survey
of 298 radio-quiet quasars (Fiore et al. 1997), the quasar
PHL 6625. Clearly PHL 6625 must in some way be unusual.
In fact PHL 6625 lies only 4.6 arcmin north-west of the line
of sight through the centre of NGC 247 (see Fabbiano, Kim
& Trinchieri 1992, fig. 7). This is a projected distance of 3.4
kpc at the 2.5-Mpc distance of NGC 247 (Carignan & Puche
1990).

© 1997 RAS

In this paper we present a full analysis of the ROSAT X-
ray spectrum and compare the observed absorption with
that expected from NGC 247.

2 PSPC OBSERVATIONS OF PHL 6625

As part of an unbiased search for absorbed active galactic
nuclei (AGN) in the ROSAT (Triimper 1983) Position Sen-
sitive Proportional Counter (PSPC: Pfefferman et al. 1987)
pointed archive (using WGACAT: White, Giommi &
Angelini 1994), Fiore et al. (1997) found PHL 6625 to have
X-ray colours suggesting absorption.

The source was observed twice: for 9460 s between 1991
December 21 and 1992 January 6 (RP600159A00) and for
9456s on 1992 June 11-13 (RP600159A01). The PSPC
source position lies 2.5 arcsec from the optical position
(Véron-Cetty & Véron 1996). We have retrieved the two
data sets from the ROSAT archive at the HEASARC and
have re-extracted the pulse height spectrum using IRAF/PROS
for the quasar PHL 6625. We used a 2 arcmin radius cir-
cle.

NGC 247 is X-ray-faint [L, =103 erg s~ (0.3-2.5 ke V)]
with almost all the flux coming from a few bright sources
(Fabbiano et al. 1992; Mackie et al. 1998). Nevertheless, the
vicinity of the galaxy NGC 247 offers the possibility of both
a larger background [owing to soft emission from the galaxy:
e.g. NGC 33 (Trinchieri, Fabbiano & Peres 1988; see also
Fabbiano 1996)] and of a smaller background [owing to
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ABSTRACT

Results are presented on the X-ray properties of 9 high-redshift (1.2 < z < 3.4) radio-loud quasars
(RLQs) observed by the Advanced Satellite for Cosmology and Astrophysics (ASCA; 10 observations) and
ROSAT (11 observations, for a subset of six quasars). New ASCA observations of S5 0014+ 81 (z = 3.38)
and S5 0836+71 (z = 2.17) and ROSAT observations of PKS 2126—158 for which results were never
presented elsewhere are included.

A simple model consisting of a power law plus co]d, uniform absorption gives acceptable fits to the
spectra of all sources. The ASCA spectra of the six brightest objects show evidence for absorption in
excess of the Galactic value at a »99% confidence level. Comparison with the ROSAT data suggests
that absorption has significantly varied (ANy ~ 8 x 102° cm~2) in the case of S5 0836+71, on a time-
scale of approximately 0.8 yr in the quasar frame. For the remaining five sources for which ROSAT
spectra were available, the two instruments gave consistent results, and the data were combined yielding
unprecedented spectral coverage (typically about 0.4-40 keV in the quasar frame) for high-z quasars.
This allows us to put severe limits on several different descriptions of the continuum (e.g., broken power
law, bremsstrahlung, reflection component). No Fe Ka emission line is detected in any of the ASCA
spectra. An absorptlon edge consistent with Fe K« at the quasar redshift is marginally detected in S5
0014+ 81. Possible origins for the observed low energy absorption are discussed. In particular, contribu-
tions from the molecular clouds and dust present in our Galaxy (usually disregarded) are carefully con-
sidered. In light of the new results for S5 0836+ 71 and S5 0014+ 81, absorption intrinsic to the quasars
is considered and discussed.

The average slope obtained from the eight ASCA spectra in the observed ~0.5-10 keV energy band is
{Tos_10xevy = 1.61 + 0.04, with a dispersion 64 5s_;g v = 0.10 £ 0.03. The average photon index in the
observed 2-10 keV band, where the effect of absorption is negligible, is {I';_;¢1v> = 1.53 + 0.05, with a
dispersion 6,_;0 v < 0.12. Furthermore, the implications of the present results on the calculations of the

contribution of quasars to the cosmic X-ray and y-ray backgrounds are briefly discussed.
Subject headings: galaxies: active — quasars: general — radiation mechanisms: nonthermal —

X-rays: galaxies

‘1. INTRODUCTION

Quasars are the most powerful objects in the whole uni-
verse. This is especially true in the X- -ray | band, where lumi-
nosities can reach 10*7-10%% ergs s™'. However, how
quasars produce such a large amount of energy remains a
challenging astrophysical problem. Certainly, because of
their extreme conditions, quasars provide a powerful test
for models of emission mechanisms of active galactic nuclei
(AGNs) (Rees 1984). Quasars show strong continuum emis-
sion over the entire electromagnetic spectrum, from radio
through the X-ray and even y-ray region (Sanders et al.

1989; Elvis et al. 1994a; Thompson et al. 1995). Optically -

selected samples of quasars indicate that approximately
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90% of them are radio quiet (RQQs) and approximately
10% are radio-loud (RLQs).

X-ray quasar spectral observations are crucial for two
main reasons: first, X-rays carry a large amount of the total
quasar luminosity; second, as demonstrated by obser-
vations of rapid X-ray variability, X-rays originate from the
innermost regions of the quasar (Mushotzky, Done, &
Pounds 1993). Most X-ray spectral observations have
included mainly low-redshift (z < 1) quasars; the poor
energy resolution generally limited the analysis to a simple
parameterization of the spectrum with a single power law.
In the ~0.1-4 keV energy range, previous Einstein IPC and
ROSAT Position Sensitive Proportional! Counter (PSPC)
observations have shown that RLQs have significantly
flatter X-ray spectra than RQQs (Wilkes & Elvis 1987;
Brunner et al. 1992) and that, for a given optical luminosity,
RLQs are on average approximately 3 times brighter in
X-rays than RQQs (Zamorani et al. 1981). Studies at higher
energies (~2-10 keV) with EXOSAT and Ginga have con-
firmed the dichotomy, with a clear correlation between
spectral index and radio loudness (Williams et al. 1992;
Lawson et al. 1992). Whether differences in the observed
X-ray properties should be attributed to either intrinsically
different properties of the sources or inclination effects
and/or host galaxy properties is not yet well understood.
Also, selection effects and/or complex spectral structures
(e.g., soft-excess emission, ionized absorption) may compli-
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Science Driven arguments for a 10 sq.meter, 1 arcsecond
X-ray Telescope
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Abstract. v

X-ray astronomy needs to set bold, science driven goals for the next
decade. Only with defined science goals can we know what to work on,
and a funding agency appreciate the need for significant technology de-
velopments. To be a forefront science the scale of advance must be 2
decades of sensitivity per decade of time. To be stable to new discoveries
these should be general, discovery space, goals.

A detailed consideration of science goals leads us to propose that
a mirror collecting area of 10 sq.meters with arcsecond resolution, good
field of view (>10 arcmin), and with high spectral resolution spectroscopy
(R=1000-10,000) defines the proper goal. This is about 100 times AXAF,
or 30 times XMM. This workshop has shown that this goal is only a
reasonable stretch from existing concepts, and may be insufficiently bold.

An investment of ~8 10M/year for 5 years in X-ray optics tech-
nologies, comparable to NASA’s investment in ASTRO-E or a SMEX, is
needed, and would pay off hugely more than any small X-ray mission.

1. Long Term Goals for X-ray Astronomy

Any big undertaking, such as X-ray astronomy ! surely is, must set long range
goals. With clear long-term science goals in place we can see which develop-
ments are essential, and which are mere sidelines - amusing, but dead ends.
Daniel Goldin, the NASA Administrator, urged astronomers (San Antonio AAS
meeting, January 1996) to make decade length plans, even if the plan changes
in a few years time. This is what we do here.

The goals we shall describe are deliberately ambitious. We propose that X-
ray astronomers should aim to reach sensitivities 100 times beyond AXAF, while
retaining high angular resolution and achieving high dispersion spectroscopy
(Table 1) 2 . This does not mean that the very next mission we design should
necessarily have all these capabilities. Nor does it rule out smaller missions with
different goals. It does mean that the next major mission we design should at
least be a deliberate and significant step toward these capabilities. To some

!We discuss only the standard 0.1-10 keV band of X-ray astronomy, in which grazing incidence
optics work efficiently.

*These numbers describe quite well Hale’s Mt. Wilson 100-inch telescope (Osterbrock 1995), so
we are suggesting that X-ray astronomy try to equal the state of optical astronomy in 1917.

1
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ABSTRACT

A catalog of 819 sources detected in the Einstein IPC Slew Survey of the X-ray sky is presented; 313 of the
sources were not previously known as X-ray sources. Typical count rates are 0.1 IPC count s, roughly equiva-
lenttoa flux of 3 X 10~"2ergs cm™*s™". The sources have positional uncertainties of 12 (90% confidence ) radius,
based on a subset of 452 sources identified with previously known pointlike X-ray sources (i.e. extent less

than 3').

Identifications based on a number of existing catalogs of X-ray and optical objects are proposed for 637 of the
sources, 78% of the survey, (within a 3’ error radius) including 133 identifications of new X-ray sources. A public
identification data base for the Slew Survey sources will be maintained at CfA, and contributions to this data base

are invited.

Subject headings: BL Lacertae objects: general — catalogs — quasars: general — X-rays: general — X-rays:

stars — surveys

1. INTRODUCTION

Sky surveys have always played a major role in astronomy.
In the present era in astronomy, we are rapidly accumulating
new sky surveys across the whole spectrum. In particular, the
advent of imaging telescopes has made X-ray surveys possible
that are comparable in sensitivity to those at other wave-
lengths. The Einstein Observatory (HEAO 2; Giacconi et al.
1979a) was the first imaging X-ray astronomy satellite, and
many papers have reported on surveys of restricted regions of
the sky made using pointed observations taken with the Imag-
ing Proportional Counter (IPC, Gorenstein, Harnden, & Fab-
ricant 1981) on board Einstein. (The “Medium Survey,” e.g.
Gioia et al. 1990; the “Deep Survey,” e.g. Primini et al. 1991;
Table 1). As a result we are in the peculiar position in the soft
X-ray band covered by Einstein (~0.2-3.5 keV), of knowing
more about the faint sources than about the bright sources.
The limited sky coverage of the Medium and Deep Surveys
results in their having effective upper limits to their sensitivity
as well as lower limits since bright sources are rare on the sky
(Fig. 1; Table 1). This limitation complicates log N-log S and
source evolution studies (Fig. 1) since for bright source counts
we have to refer to the hard X-ray surveys, usually to the Pic-
cinotti et al. (1982) HEAO A-2 survey which covered the 2-10
keV energy band. For example, Schmidt (1990) has empha-
sized how the Piccinotti et al. and the Medium Survey source
counts are in contradiction for AGNs and clusters of galaxies
(although evolution may explain these problems; Gioia et al.
1990). What is needed is a log N-log § with the same instru-
ment over the whole X-ray flux range. A survey of the bright
sources in the soft X-ray range is thus important, and only a
survey covering most of the sky can find the relatively rare
bright sources. A survey using the same instrument as used for
the Einstein Medium and Deep Surveys would greatly simplify
interpretation. Samples of bright sources selected uniformly by
their X-ray properties are also valuable for follow-up detailed
work with other instruments, e.g., ROSAT, ASTRO-D.
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We have constructed a survey of the sky with the Einstein
IPC using the “Slew” data taken when the satellite was moving
(“slewing”) from one target to the next. By co-adding all these
slews, we have achieved a useful sensitivity over a large solid
angle, some .50% of the sky. The main properties of the Ein-
stein IPC Slew Survey are given in Table 2. Because it was not
clear that this survey could be constructed successfully, it was
not attempted earlier. The resources needed to process the data
were large, making the effort too large for the uncertain payoff.
Computer processing power and on-line storage capacity have
grown by orders of magnitude in the last few years so that it is
now possible for projects of this size to be carried out experi-
mentally by a small team relatively quickly, and thus at low
risk. This paper describes the Einstein Slew Survey and pre-
sents the resulting catalog of X-ray sources.

The complete information content of the Slew Survey is
more than the source catalog. A CD-ROM issued by SAO
(Plummer et al. 1991) contains the full data on the individual
photons in the Slew Survey and the aspect solution file for each
slew. This enables a user to derive fluxes and upper limits for
any position on the sky covered by the Slew Survey. The CD-
ROM also contains more information on the source detections
(see “lists/unix/sres.lis,” “lists/ vms/srcs.lis,” etc.). The CD-
ROM is available from SAO (send requests by e-mail to the
Einstein Data Products Office, edpo@cfa.harvard.edu), or via
the Einstein On-Line Information System, einline (Harris et
al. 1991).

2. DATA SELECTION

For the survey we selected all the data taken while the Ein-
stein satellite was slewing with the IPC at the focus (“SLEW™
mode data—hence the survey name). Only the IPC data is
valuable for this survey. Table 3 compares a “figure of merit”
for this type of work for the four focal plane instruments on
Einstein. The combination of wide field of view, high quantum
efficiency, and large fraction of time in the focal plane make

-
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Abstract

We have used an efficient method of finding new BL Lacertae objects in the Einstein Slew Survey
suggested by Stocke et al. By exploiting the unique broad-band (radio/optical/ X-ray) spectra of X-ray
selected BL Lacs, we have identified 29 new BL Lacs out of 32 candidates observed, effectivelyr doubling the
size of the Slew Survey BL Lac sample, which now includes 62 objects. Six more BL Lac candidates have yet
to be observed, and seven blank field radio sources cannot be ruled out as optically faint BL Lacs, although
this is unlikely. The correct :dentification of one BL Lac candidate remains uncertain. We present finding
charts, optical spectroscopy, radio images, and optical polarimetry for these new BL Lacs. Based upon nearly
complete radio imaging and optical spectroscopy observations, we present the northern, high-latitude Slew
Survey BL Lac sample, in the area bounded by § > —40° and |brs| > 15°, and excluding the region within 5°
of M31. This sample contains 48 BL Lacs, four BL Lac candidates, and five blank fields which may contain
possible BL Lac candidates. This is considerably larger than any previous complete sample of BL Lacs. We
compare this sample with the X-ray selected EMSS sample of BL Lacs as well as the rad;o-select.ed 1Jy

sample.

ol



RONOMICAL JOURNAL VOLUME 108, NUMBER 3 SEPTEMBER 1994

X-RAY SPECTRAL EVOLUTION OF HIGH REDSHIFT QUASARS

JiLL BECHTOLD

Steward Observatory, University of Arizona, Tucson, Arizona 85721
Electronic mail: jbechtold@as.arizona.cdu

MARTIN ELVIS, FABRIZIO FIORE, AND OLGA KUHN

- Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138
Electronic mail: elvis@cfa.harvard.edu

Roc M. CUTRI

Steward Observatory, University of Arizona, Tucson, Arizona 85721
Electronic mail: rcutri@as.arizona.edu

JONATHAN C. MCDOWELL

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138
Electronic mail: mecdowell@as.arizona.edu

MARCIA RIEKE

Steward Observatory, University of Arizona, Tucson, Arizona 85721
Electronic mail: mrieke@as.arizona.edu

ANETA SIEMIGINOWSKA AND BELINDA J. WILKES
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138
Electronic mail: aneta@miles.harvard.edu
Received 1994 February 14; revised 1994 April 26

ABSTRACT

At z=3, the x-ray spectra of radio-loud and radio-quiet quasars are different. High-redshift radio-quiet
quasars either have large absorbing columns, Ny, and steeper power law spectral indices, @, than low
redshift quasars, of no absorption and similar ag s. In contrast, the radio-loud quasars at high redshift have
substantial absorption and similar ag’s to low redshift quasars. Implications for the interpretation of the
evolution of the luminosity function of quasars are discussed. If the absorption arises outside the central
engine for both radio-loud and radio-quiet quasars, then radio-quiet quasars differ from the radio-loud
quasars in that their emitted power law spectrum has evolved with redshift. We argue that this favors models
where quasars are mumerous and short-lived, rather than rare and long-lived.

1. INTRODUCTION causes the observed population evolution: individual objects
are long-lived or short-lived. In the long-lived case, quasars
basic Fharacteristic of quasarS is the Scale‘free nature of are intrinsicauy rare, their present.day remnants have very
emission. From .the lowest 1‘“_“1“05“)’ AGN (e.g., M81)  high masses from the integrated accretion of mass over a
te highest redshift, most luminous quasars, the quasar  Hubble time, and today they should emit at less than 1% of
inuum and emission lme.s scale almost linearly with lu-  he Eddington Juminosity, L gad (Cavaliere & Padovani
Jsity, regardiess of redsk'nft (e.g_., Netzer 19,903 Blandford 1988). In the alternative short-lived case, quasars are com-
), and references therein). This is true within both the mon, so that most large galaxies had one at one time but
’ :l)l.lgu\?' ;?:nsthfe ;adlt(})‘}cslulztttecizss:s oft::aBs:;a‘:;ereeﬁzz each is active only for a short time (~10°® yr). In order not to
| dwicn 11977) armrinthc slf:wl d’ec.r%:;sin x-ray loudness require too much mass tied up in black holes, these quasars
hi M y o £ Y 86: must be accreting close to their Eddington limits while they
higher luminosity quasars (Avni & Tananbaum 198 .. 5ive (Small & Blandford 1992; Chokshi & Turner
rrall et al. 1987). Even these, however, are continuous ’
nges in the sense that there is no characteristic redshift or 1992). . . .
: Physical evolution models could be more easily distin-

{inosity at which they occur. ; - - R i
guished if there were characteristic luminosities or redshifts

By contrast, evolution studies show that quasars evolve i g et
mgly with redshift, and that 7z~2 is a characteristic red- at which the properties of individual quasars changed. Re-

ft for the quasar population. The break point, L*,of their  cent results presented by Elvis et al. (1994) and Bechtold
sinosity function shifts to higher luminosities by a factor et al (1994) suggest that the continuum spectral energy dis-
40-50 between z=0.1 and z=2 (Boyle et al. 1987). There tributions of quasars are in fact changing at z~2. They find:
. two extreme possibilities for the physical evolution that (1) Radio-loud quasars become strongly X-ray absorbed

) Astron. 1. 108 (3), September 1994 0004-6256/94/108(3)/759/7/50.90 © 1994 Am. Astron. Soc. 759
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between z=0.5 and z=3, whereas radio-quiet quasars prob-
ably do not.

(2) Steep spectrum radio-loud quasars do not continue to
follow the correlation of a,, increasing with L, at high
redshift; they are too x-ray bright. Radio-quiet quasars in-
stead continue to follow the correlation of «a,, increasing
with increasing L, seen at lower redshift.

These observations suggest that breaks in the scaling laws
for quasars are beginning to appear which may be related to
the evolution of the quasar population as a whole. In this
paper we review the data supporting these claims, and then
discuss their potential value for understanding quasar emis-
sion mechanisms.

2. X-RAY SPECTRA AND HARDNESS RATIOS

Obtaining x-ray spectra of high redshift quasars has be-
come feasible with the ROSAT (Trumper 1983) Position Sen-
sitive Proportional Counter (PSPC, Pfefferman et al. 1987).
Elvis et al. (1994, hereafter referred to as Paper I) presented
x-ray spectra of several radio-loud high-redshift quasars.
Bechtold et al. (1994, hereafter referred to as Paper II) de-
rived hardness ratios for a dozen z~3 quasars, six of them
radio-quiet. Although the small number of counts in these
detections render their hardness ratios ambiguous, they nev-
ertheless add significantly to our knowledge of quasar spec-
tra at high redshift.

Since Paper II was completed, other PSPC data on high
redshift quasars have been published (Fink & Briel 1993;
Henry et al. 1994; Molthagen et al. 1994; Band ez al. 1994).
This allows us to expand on the results given in Paper II. In
Table 1, we list the x-ray results derived in Paper I and Paper
I1. We also give the results for 0Q 172, which we reanalyzed
in order to ensure uniformity of treatment, since the PSPC
data have now become public. The z=4.5 quasar 0953+47
observed by Molthagen et al. (1994) was not detected in the
PSPC, but we include their limit for a,, below.

The PSPC hardness ratio, defined as

R=(H-S8)/(H+S5),

is given in Table 1 for each quasar. Here H is the number of
counts in a hard band defined as PI channels 41-245, or 0.41
to 2.48 keV in the observed frame; S is the number of counts
in a soft band defined as PI channels 11-40, or observed
energies of 0.11 to 0.40 keV. Note that for an object at z=3,
these channels correspond to 1.64—9.92 keV and 0.44-1.60
keV, respectively. In addition to the high-redshift quasars, we
include four intermediate redshift, radio-quiet quasars with
1.5<z<2.2 found in the PSPC field of Q0130—403 (see Pa-
per II; Hoag & Smith 1977; Osmer 1977).

Figure 1 is a plot of R for the quasars in our sample.
Clearly, there is a systematic difference between the radio-
loud and radio-quiet quasars. Omitting the three cases where
the galactic column density is larger than 7x10%
atoms cm ™2 (implying transmission of only 10% at the car-
bon edge and hence a large effect on R), the mean R for
radio-quiet quasars is —0.018+0.110, while for the radio-
loud quasars the mean R is 0.78+0.03, a 7.2¢ difference.
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TaBLE 1. X-ray and hardness ratios.

Case A Case B
quasar  Zem Nigg R? ag ag
0000-263 4.11 1.60 —0.065+0.183 130108 2.20%337*
0130-403 3.03 230 —0.170+0.372 169%27° 2.30+3%°
0207-398 281 153 012840216 090*23% 1.60%3%
11074481 296 140 0066+£0.257 093+0%° 161303
12084101 3.82 170 -0249+0.346 154+07%° 2054070
10464768 3.02 7.0 0.035+0157  1.00t328° 1 23+03r

0130-401 173 2.30 -—0.154+0.260 1.66*351° 3.88158°
0130-404 2.16 230 0.081 +0.465 1.273%° 2.8810%°
0131-401A 1.83 230 -—0.249+0.204 18333 3.93+347°
0131-401C 1.65 230 0.129+0339 1.20338° 3400347

00144813 3.38 144 096240077 082731 (9713%?
0420-388 312 1.91 0406+ 0.074  0.731310° 14708
0438436 285 150 09030071 0614027 o61+3%f
0636+680 3.17 570 1.140+0.276% —0.24%35%° o.o;tg;:‘:"
14424101 354 173 0480+ 0.067 0.4570%° p457010/
17454624 387 3.40 _— 0.3012%¢  0.30+3%’
2000-330 378 7.50 0.721 £0242 161807 1.49%38°
2126-158 327 4.85 096310041 0523037 ggorezt

Notes to TABLE 1

*In units of 10?° atoms cm™2. ®Hardness ratio, R=H - S/H+S; for 1745
+624 the PSPC data are not available. "Ny fixed to the galactic value.
4Additional Ny at z=z,,, fixed to 107 atoms cm 2. “Additional Ny, at z=z,,
fixed to 5x10%! atoms cm™2. Best fit additional N, at z=z,,,. EFormally,
R>1 since §=—4.8+6.5 after background subtraction. Only values of R<1
and §>>0 are physical, however.

The dashed and dotted lines in Fig. 1 represent the expecta-
tion for radio-loud and radio-quiet quasars, respectively, us-
ing the mean spectral index found at low redshift by Ginga
(0.71 for radio-loud and 1.03 for radio-quiet, Williams et al.
1992) and the minimum and maximum galactic N values in
our samples (1.4-2.3%10? atoms cm™? for the radio-quiet
quasars and 1.5-5.7x10% atoms cm™2 for the radio-loud
quasars). The radio-quiet quasars have R compatible with the
low redshift predictions, while at least some of the radio-
loud quasars have R definitely greater than predicted. We
compare our results to the Ginga data for low redshift qua-
sars, since for z~3 the PSPC bandpass corresponds to rest
frame energies of ~1-10 keV, similar to the Ginga bandpass
for low redshift objects. For the z~2 quasars, the PSPC
bandpass comresponds to ~0.6—7 keV, between the harder
x-rays observed by Ginga (2—10 keV) and the softer x-rays
observed by the IPC (0.1-3.5 keV) for low redshift objects.
However, this energy difference is probably not important
for these comparisons since the Ginga and IPC measured
slopes are similar (Fiore et al. 1994).

The difference in R between low and high redshift radio-
loud quasars, can be interpreted in different ways. The two
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FiG. 1. The ROSAT PSPC hardness ratio for a sample of high-redshift qua-
sars. Open symbols identify radio-quiet quasars, filled symbols identify
radio-loud quasars: circles correspond to 2.8<z<<4.1 quasars; squares cor-
responds to 1.6<<z<2.2 quasars. The dotted and dashed lines show the range
of hardness ratio expected from the low z Ginga observations. H—number
of counts in the hard PSPC band (0.41-2.48 keV); S—number of counts in
the soft PSPC band (0.11-0.40 keV).

most simple and extreme possibilities are (A) a difference in
emitted power law index, in the sense that the high-redshift
quasars are flatter than the low redshift ones, or (B) a differ-
ence in absorbing column density, in the sense that the high
z quasars have a larger absorbing column than at low z. Of
course intermediate situations, where both the emitted power
law index and the absorption properties of high z quasars are
different, are also possible. In Table 1, we list the spectral
index a; obtained for both cases (A) and (B) using the hard-
ness ratio diagrams discussed in Paper II, for the radio-quiet
quasars Q0130—403, Q0207—398, Q1107+481 and Q1208
+101, and for the intermediate redshift radio-quiet quasars
in the field of Q0130—403. For the other quasars, the ag
obtained from normal spectral fitting is given (Paper I).

For case (A), Ny was assumed to be equal to the galactic
Ny, value in all the objects for which this assumption is

statistically consistent with the observed spectrum (i.e., all

radio-quiet quasars, and all the radio-loud quasars with the
exception of PKS 0438436, PKS 2126—158, see Papers I,
I0). For case (B), an absorber with the best fit Ny at z=z,,
(as given in Paper I) was assumed for PKS 0438—436 and
PKS 2126—158. Otherwise, a column of Ny=10%
atoms cm ™2 at z,,, was assumed in addition to the galactic
Ny. In these cases, the statistics of the data are not good
enough to constrain the intrinsic Ny (this includes all the
radio-quiet quasars and the radio-loud quasars Q0014+813,
Q0420—388, Q0636+680, and PKS 2000—330). In both
cases the absorbers were assumed to have cross sections
given by Morrison & McCammon (1983) with solar metal
abundance. We note that two of the eight radio-loud quasars,
Q1745+624 (Fink & Briel 1993) and OQ 172, do not show
evidence for intrinsic absorption. The limit for intrinsic ab-
sorption quoted by Fink & Briel for the first object is 210%°
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Fic. 2. X-ray energy spectral index in the 1-10 keV emitted frame vs
redshift when assuming: (a) Ny at z=z,, of 102 atoms cm™? for z~3
quasars and 5x10%! atoms cm ™2 for z~2 quasars; (b) Ny, fixed at the galac-
tic value. Squares=radio-loud quasars, Ccircles=radio-quiet quasars:
triangles=radio galaxies; filled symbols=ROSAT PSPC z~3 quasars; open
circles with crosses=quasars with 1.6<<z<2.2. Open symbols and triangles
=Ginga results.

atoms cm ™2, while for the second object we found a 99%

limit of 0.5x10% atoms cm™2.

3. X-RAY SPECTRAL EVOLUTION

How does a; evolve with redshift?
Figures 2 and 3 show a; as a function of redshift (Fig. 2)
and luminosity (Fig. 3) for the objects in this sample,
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z~3 quasars and 5X 107" atoms cm™2 for z~2 quasars; (b) Ny fixed at the
galactic value. Squares=radio-loud quasars, circles=radio-quiet quasars:
triangles=radio galaxies; filled symbols=ROSAT PSPC z~3 quasars; open
circles with crosses=quasars with 1.6<z<2.2. Open symbols and triangles
=Ginga results.
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and for a low redshift comparison, quasars observed with
Ginga. Note that the sizes of the low redshift and high red-
shift samples are similar. Figures 2 and 3 are updated ver-
sions of those in Paper 1. Note that the PSPC spectral index
covers 0.4-9.4 keV for the lowest redshift object (z=2.81),
and 0.6-12.7 keV for the highest redshift object (z=4.11).
This introduces some ambiguity, although not a large one if
the Ginga low z spectra are a reliable guide (Williams er al.
1992). We note also that the high redshift quasars in our
sample are also the most luminous, so it is hard to distin-
guish whether the x-ray spectral properties depend primarily
on z or L,. In the remainder of the discussion we consider
the dependence of af on z, for case (A) and case (B).

Case (A): Only radio-loud high z quasars are absorbed
[Figs. 2(a),3(a)]. In this case, the difference in slope be-
tween radio-loud and radio-quiet quasars which was found at
low redshifts (Wilkes & Elvis 1987; Williams ef al. 1992)
persists at z~3, radio-quiet quasars having steeper slopes.
The weighted mean spectral slope of the radio-quiet quasars
is 1.15%0.14 (the error represents the error on the mean),
consistent with the {ag)=1.03, for a sample of six low red-
shift radio-quiet quasars (Williams er al. 1992; excluding the
peculiar object PG 1416—129, which has a best fit 2-10 keV
slope of only 0.1). The constraint on any change of a; with
z is no more than 0.3 (99% confidence). For the radio-loud
quasars the weighted mean spectral slope is 0.59+0.06, com-
parable with the (az)=0.71 for a sample of five low-redshift
radio-loud quasars (Williams er al. 1992).

In case (A) then radio-quiet quasars show no change in
either emitted slope or absorption out to z=4, while radio-
loud quasars commonly exhibit strong x-ray absorption at
z=3, with no change in intrinsic slope. This immediately
implies that the absorption in radio-loud z~3 quasars (Paper
I) is primarily intrinsic to the quasars, since intervening ab-
sorbers would be found independently of the radio properties
of the quasar. (The number of objects is still small, however.)

The slope obtained for the intermediate redshift quasars,
assuming galactic Ny (case A), is steeper than the IPC and
Ginga slopes and is similar to those found in the PSPC spec-
tra of low-redshift radio-quiet quasars (Walter & Fink 1993;
Laor et al. 1994; Fiore ef al. 1994), despite the significantly
lower energy range covered by the PSPC. In this case then
the major evolution in x-ray slope occurs between z~0 and
z~2, with little change thereafter up to 2~3. This behavior
would be similar to the evolution of the quasar luminosity
function (e.g., Boyle et al. 1993).

Case (B): All high z quasars are absorbed [Figs.
2(b),3(b)]. No matter where the absorbers are located, the
x-ray hardness ratios of the radio-quiet quasars imply a;’s
which are steeper by ~0.7 than the no absorption case (see
Table 1).

Figures 2(b) and 3(b) shows a; as a function of x-ray
luminosity and redshift for case (B). The mean a; for the
high-redshift radio-quiet quasars is {ag)=1.82+0.17. This is
significantly steeper than {ag)=1.03 for the similar low-
redshift quasars observed with Ginga. The two distributions
of low and high redshift radio-quiet quasars spectral indices
are different at the 97% confidence level (using the
Kolmogorov—Smirnov test). The high-redshift radio-quiet
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Paper II) with a;,4,>0.8. Triangles are z~3 quasars reported in Papers I and
1I. The dashed line is the predicted relation for steep spectrum radio sources
from Worrall er al. (1987). The high redshift quasars are more x-ray bright
than the low redshift relation predicts.

mean slope is also different from that of high-redshift radio-
loud quasars which demonstrably show absorption
({ag)=0.52*0.16), and that of all high-redshift radio-loud
quasars ({azy=0.57+0.08).

The intermediate redshift quasars would have steeper
slopes ag~4 on this assumption. They would then be steeper
at z~1.5 than at either z~0 or z~3. This seems unlikely, but
is not ruled out. We note that the path length for absorption,
X (Bahcall & Peebles 1969), is half as large at the mean
redshift of the quasars in the field of Q0130—403 (z=1.84)
than of the absorbed quasars in Paper I, so the chance of
intervening absorbers is similarly reduced.

In summary, in either case (A) or (B), the x-ray colors and
spectra suggest that radio-quiet and radio-loud objects have
evolved differently since z=~3. If the radio-quiet objects
have, on average, as much absorption as the radio loud qua-
sars, their power laws must be steeper than their low redshift
counterparts, indicating evolution in the emission spectrum
with redshift. If only radio-loud quasars have absorption,
then the high-redshift radio-loud objects differ from both
their low z counterparts and from the radio-quiet quasars in
that they have substantial absorbing material.

4. X-RAY LOUDNESS (a,,) VERSUS L,

The plots of x-ray loudness, a,, (e.g., Tananbaum et al.
1979), versus L, in Figs. 4 and 5 are updated versions of
that in Paper II. The triangles mark the high redshift quasars
from Paper II, Band eral (1994), and Molthagen et al.
(1994); the small circles show the quasars from the Einstein
IPC survey (Wilkes et al. 1994) which are predominantly at
low (z<1) redshift. Figure 5 shows only radio-quiet quasars,
while Fig. 4 contains only radio-loud quasars. Moreover, we
have restricted the radio-loud quasars to those in which
beaming is not likely to be important, i.e., lobe-dominated or

ly“
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angles are radio-quiet quasars presented in Paper II. The dashed line is the
predicted relation for radio-quiet quasars from Worrall et al. (1987). The
high redshift quasars are consistent with the low redshift relation.

steep spectrum radio sources (ay.q,>>0.8). Beaming is not
thought to be important in GPS sources and therefore in most
of our high-redshift, radio-loud quasars.

The dashed lines show the predicted relations from Wor-
rall et al. (1987) for each class of quasar. The high-redshift,
radio-quiet quasars are consistent with the extrapolation from
low redshift, and may even be slightly x-ray quiet (cf. Pick-
ering & Impey 1994). In contrast, for steep-spectrum radio-
loud quasars, the high redshift quasars lie systematically be-
low the prediction. They are too x-ray loud for their optical
luminosity. Note that despite the relatively small number of
quasars detected in the IPC, the uncertainty in the predicted
line is small on this scale.

While the range of observed a,, of the high z radio-loud
quasars in Paper I ranges between 1.1 and 1.6, they are
bunched toward small values of ay, (Fig. 5). There are three
cases with a,,<1.3 and only one with a,~1.6. This is S4
0636+680 which interestingly is also the most radio-quiet
quasar in the radio-loud sample. A Aa,, of 0.3 corresponds
to a factor ~6 in x-ray to optical flux ratio, so that this is a
large effect.

This break in the predictive power of the ay, vs L, re-

lations  indicates a  characteristic  luminosity  at
log L, ~32-33 erg s~ Hz™, for steep-spectrum radio-loud
quasars.

5. DISCUSSION

One can use these observations to speculate on the physi-
cal nature of the evolution of quasars in different scenarios.
As mentioned briefly in the introduction there are two ex-
treme possibilities: individual quasars are long-lived or
short-lived. In the long-lived case, quasars are intrinsically
rare, their present day remnants have very high masses from
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the integrated accretion of mass over a Hubble time, and
today they should emit at less than 1% of the Eddington
luminosity, L g4y (Cavaliere & Padovani 1988). Since there is
no evidence for very large black hole masses in nearby Sey-
ferts or ellipticals and since there are indications that the
ratio of the luminosity to its Eddington value in nearby Sey-
ferts and intermediate redshift quasars is between 0.01 and
0.1 (Wandel & Mushotzky 1986; Padovani & Rafanelli
1988; Chokshi & Turner 1992; Small & Blandford 1992), it
seems unlikely that the evolution of the luminosity function
could be explained by the gradual decline in luminosity of
individual, rare objects. A further test for the long-lived op-
tion is the evolution of the quasar continuum, since as the
quasar black holes grow larger and become more starved of
accreting matter, the continuum they produce is likely to
change in form.

Alternatively, in the short-lived case, quasars are common
(so that most large galaxies had one at one time}, but each is
active only for a short time (~108 yr). In order not to require
too much mass tied up in black holes, these quasars must be
accreting close to their Eddington limits while they are active
(Small & Blandford 1992). Haehnelt & Rees (1993) have
discussed the formation of such black holes in the context of
the hierarchical collapse of cold dark matter fluctuations. At
high redshifts only the most massive fluctuations can col-
lapse; as time goes on, and the universe expands, less over-
dense structures collapse. Thus, the black hole mass of a
typical quasar should strongly decrease with redshift, rather
than slowly increase by mass accretion. This gives rise to
opposite expectations about the quasar continuum evolution
compared to the long-lived model. Any systematic differ-
ences in the spectral energy distributions of high and low
redshift quasars could therefore guide and constrain models
for the evolution of the quasar luminosity function.

5.1 X-ray Spectral Evolution

In Sec. 2, we have shown that radio-loud and radio-quiet
quasars at high redshift have different x-ray colors, but
whether this is the result of different intrinsic x-ray power
laws or different absorbing columns cannot be determined
from the present data. We discuss the implications of both
possibilities.

How does the x-ray spectral index depend on physical
models of evolution? In the standard accreting massive black
hole model, simple assumptions can give the sense of the
dependence of ag on the black hole mass and accretion rate.

Comptonization of soft photons by a population of ther-
mal electron in a hot corona above a layer of cold reflecting
matter has been proposed as the origin of the 2-10 keV
spectrum in radio-quiet quasars (Haardt & Maraschi 1993).
In this model sources powered by accretion onto large black
holes (=10'".%, such as those needed at the center of
these luminous z~3 quasars) result in 2—10 keV spectra
which are significantly steeper than those of sources with
smaller black holes. This holds for a range of corona optical
depths, and therefore luminosities (Haardt & Maraschi
1993). _

If the evolution of the quasar luminosity function results
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from the slow evolution of a few, long-lived quasars, then
one expects that that the black hole masses increase with
decreasing z, with L/Lgq4~1 at z=3, and L/L g44<<1 at z=0.
The Haardt & Maraschi (1993) models would then predict
that az would steepen with decreasing z. On the other hand,
if quasars are numerous, short-lived, and result from collaps-
ing CDM halos in the Haehnelt & Rees (1993) picture, then
a typical quasar black hole mass will decrease with z. Then
the x-ray spectra will be steeper with increasing z.

In case (B), where all quasars are absorbed, radio-quiet
quasars are steeper at higher z. This is opposite to the expec-
tations for rare, long-lived quasars, but in agreement with the
short-lived quasars in the Haehnalt and Rees picture.

In this case, the lack of evolution of the emitted x-ray
power law for the radio-loud quasars is also significant. It
would imply that their x-ray emission is not closely related
to the black hole mass. In fact, at low redshift, radio-loud
quasars are also more x-ray loud (i.e., have smaller «,) than
radio-quiet quasars. This supports the notion that there is an
“extra’ component of the x-ray emission related to the radio
source. We return to this in our discussion of a,, vs Loy in
the next section.

In case (A), where only high z radio-loud quasars are
absorbed, neither the radio-quiet nor radio-loud quasars have
changed their x-ray spectral indices with redshift. Then one
is forced to conclude that the x-ray emission is not related in
a direct way to black hole mass for either radio-quiet or
radio-loud quasars, or that the number of quasars studied is
so small that only the most extreme members of the popula-
tion, all with nearly the same black hole mass, have been
sampled.

Case (A) has other strong implications. Since soft x-ray
absorption appears at high redshift only for the radio-loud
quasars then (1) quasar radio emission results from a differ-
ent environment in the high-redshift objects; (2) a dust
shrouded phase of quasar development may be associated
with radio-emission and be short-lived, having the same frac-
tional life as the ratio of radio-loud to radio-quiet quasars.
Some support for the second hypothesis comes from the fact
that about 50% of the high-redshift radio-loud quasars are
GHz Peaked Spectrum (GPS) sources, while the fraction is
much reduced at low redshift (O’'Dea et al. 1991). In fact
five of the eight radio-loud quasars in our sample are candi-
date GPS sources in the list of O’Dea et al. (1991; Q0420
—388, Q0636+680, OQ 172, PKS 2000—-330, and PKS
2126-158). PKS 0438-436 also has a radio spectrum that
resembles that of GPS sources. GPS sources are unusually
compact (~10 milliarcsec, ~100 pc at z=3, Pearson &
Readhead 1984). This compactness could be evidence for a
dense surrounding medium which confines the radio source.
This hypothesis is discussed in more detail in Paper 1.

5.2 X-ray Loudness (a,,)

The presence of a critical luminosity above which radio-
loud quasars have a smaller optical to x-ray luminosity ratio
than the less luminous, low-redshift ones (Sec. 4) suggests
that the x-ray emission of these objects becomes dominated
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by some mechanism not directly connected with the accre-
tion rate, or limited by the Eddington luminosity.

An oft-suggested mechanism of this kind is the electro-
magnetic extraction of the black hole rotational energy
(Blandford & Znajeck 1977), which would be converted into
x-rays through the SSC mechanism. Blandford (1990) gives
the electromagnetic luminosity, L, as

2

Lem= 10“5#%?;( ’—:—) B} ergs™!,
where . #g is the black hole mass in units of 10%.#%, B is
the magnetic field in units of 10* G, a is the specific angular
momentum, and m=GM/c?. The x-ray luminosity in high
luminosity radio-loud quasars could therefore be propor-
tional to L., say a fraction g of Loy Lxem=8L e -

The luminosity due to the extraction of the gravitational
energy of accreting gas, L., in both radio-quiet and radio-
loud quasars has a different, linear, dependence on the black
hole mass (Blandford 1990):

L
Lop=L oo~ 1.3X10%. %3 —— ergs™.
Lggq

We may identify L, with the optical-UV luminosity, with
the x-ray luminosity in radio-quiet quasars, and with some
part of the x-ray luminosity of radio-loud quasars, say a frac-
tion f of L o; Lxacr=FL gocr -

Comparing these two equations then defines a critical
mass for radio-loud quasars at which L., equals Ly,.,.
This mass is

f Laccr a -2 -2
Ay p 13 Tons (m) B, “

We can now interpret the critical luminosity of
log L, ~32-33 erg s"'Hz™! (Fig. 4) as corresponding to
this critical mass for steep spectrum radio-loud quasars. For
an Eddington limited source this corresponds to a black hole
mass of 10°-10'°.#, since the luminosity per decade,
Loy=10"7-10" ergs~".

Then,

-1 2
! ~o.077u%s(1"—°“’) (5) B3~0.2-2,

g Lega) \m
if a/m=0.5 and L, ,=Lgyy, i€., g is the order of f.

f can be estimated from the a,, measured in high z radio-
quiet quasars. The observed a,, of ~1.8 corresponds to a
ratio of optical to x-ray luminosity per decade of ~100, i.e.,
f~0.01.

In this scenario the energy connected with the extraction
of the black hole rotational energy is only inefficiently con-
verted into x-ray photons, or into any photons at all. Thus,
the bulk (~99%) of the power extracted from the spin of the
black hole must go into kinetic energy of accelerated pat-
ticles or be carried far away from the x-ray emission region
by the electromagrietic field.

Following Blandford (1990), the lifetime of a quasar pow-
ered only by the extraction of the spin of the black hole is:

tems~16.7.73'8B;2,

v
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where tg is the time in units of 10° yr. For the range of
masses we considered before we have rg=0.2-2. This is ac-
tually a lower limit, since the accreting gas could deposit
angular momentum into the black hole and spin it up. The
corresponding accretion time scale, or Eddington, time is:
tEgag~4, 50 that f., ¢<tpsg for .#3>4. In this scenario
some of the high luminosity radio-quiet quasars could be
objects which were powerful radio sources in the past, but
whose central black hole has in the meantime completely
slowed down.

6. CONCLUSIONS

In summary, ROSAT PSPC colors of 17 high-redshift qua-
sars show that the x-ray spectral properties of radio-loud and
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radio-quiet quasars at z=~3 have evolved differently: either
only radio-loud quasars show absorption, or only radio-quiet
quasars change their emitted power law spectrum. This im-
plies different changes in the environment or emission
mechanism of the two types of quasar. Distinguishing the
two spectral possibilities should be straightforward with
more high energy measurements.

Some of the data reported in this paper came from the
ROSAT data bank. This work was supported by NASA
Grants NAGW-2201 (LTSARP), NAG5-1872, NAGS5
—1536, and NAG5—1680 (ROSAT), and NASA contracts
NAS8—39073 (ASC) and NAS5—30934 (RSDC). This work
was also supported by NSF Grants RII-8800660, INT-
9010583, and AST-9058510, and a gift from Sun Microsys-
tems.
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ABSTRACT

We have derived the quasar luminosity function assuming that the quasar activity is driven by a thermal-viscous
unstable accretion disk around a supermassive black hole. The instabilities produce large amplitude, long-term
variability of a single source. We take a light curve of a single source and calculate the luminosity function from
the fraction of time it spends at each luminosity. Convolving this with an assumed mass distribution we were able
to fit well the observed optical luminosity function of quasars at four redshifts. As a result we obtain the evolution
of the mass distribution between redshifts 2.5 and 0.5.

The main conclusions are as follows: (1) the quasar long-term variability due to the disk thermal-viscous
instabilities provides a natural explanation for the observed quasar luminosity function; (2) the peak of the mass
function evolves toward lower black hole masses at lower redshifts by a factor ~10; (3) the number of high-mass
sources declines rapidly, so low-mass sources become dominant at lower redshift; (4) outbursts of activity appear
as long as the matter is supplied to the accretion disk; (5) since the time-averaged accretion rate is low, the
remnant sources (or sources in the low activity phase) do not grow into very massive black holes; and (6) a
continuous fuel supply at a relatively low accretion rate (~0.01-0.1 Mgy,) for each single source is required over

the lifetime of the entire quasar population.

Subject heading: accretion: accretion disks — cosmology: theory — quasars: general

1. INTRODUCTION

The quasar luminosity function has been studied for the last
three decades and is observationally now quite well deter-
mined as a function of redshift for z < 4 (see, e.g., Boyle et al.
1991). However, there have been few attempts to derive the
luminosity function from physical models of the quasar power
engine. There are three possible phenomenological scenarios
(Cavaliere & Padovani 1988): long-lived objects, recurrent
objects (possibly related to galaxy mergers), and a single short
event over the whole host galaxy lifetime. Continuous models
imply masses for the remnant black holes that are too large,
and accretion rates that are too low (Cavaliere et al. 1983;
Cavaliere & Szalay 1986; Cavaliere & Padovani 1988, 1989;
Caditz, Petrosian, & Wandel 1991).

Short-lived models have been studied more recently. Haeh-
nelt & Rees (1993) assumed that new quasars were born at
successive epochs with a short active phase followed by a rapid
exponential fading because of exhaustion of fuel. They used
the cold dark matter formalism (Press & Schechter 1974) to
estimate the number of newly forming dark matter halos at
different cosmic epochs. Small & Blandford (1992) suggested
a scenario involving a mixture of continuous and recurrent
activity. They assumed that newly formed sources achieve the
Eddington luminosity quickly such that the accretion rate is
limited by radiation pressure. The break in the luminosity
function is related to the boundary between the continuous
and intermittent accretion phases originating in the amount of
fuel supply to the black hole.

However, none of these models relate directly to the
physical processes responsible for powering a quasar. They
simply invoke sources that emit at the Eddington luminosity
for a certain time and then fade below an observational
threshold. Here we describe a scenario which for the first time
derives the luminosity function from a specific physical pro-
cess.

L9

The time evolution of an accretion disk around a supermas-
sive black hole (the main components of the standard quasar
paradigm) exhibits large variations on long timescales because
of thermal-viscous instabilities (Siemiginowska, Czerny, &
Kostyunin 1996, hereafter SCK96; Mineshige & Shields 1990).
Depending on the assumed disk model, variations of up to a
factor ~10° can be produced on timescales of 10°-10° years.
Here, we assume that all quasars are subject to this variability.
We then take the light curve of a single source and calculate
the luminosity function of a population of identical sources
from the fraction of time it spends at each luminosity. Con-
volving this with an assumed mass distribution, we fitted the
observed quasar luminosity function at four redshifts. As a
result, we obtain the evolution of the mass distribution be-
tween redshifts 2.5 and 0.5.

2. EVOLUTION OF AN ACCRETION DISK

Accretion onto a supermassive black hole is the leading
model for powering quasars (see, e.g., Rees 1984). The
accretion process is frequently described using the model of a
stationary thin disk (Lynden-Bell 1969; Shakura & Sunyaev
1973). However, there are both observational and theoretical
arguments indicating that time-dependent effects in the accre-
tion process are of extreme importance. Observationally, the
evidence for global evolutionary effects is compelling in accre-
tion disks around Galactic X-ray sources. Outbursts (by factors
>10%) of cataclysmic variables or X-ray novae last for weeks or
months and happen every few months to years. The outbursts
are essentially caused by the disk thermal instability in the
partial ionization zone (Meyer & Meyer-Hoffmeister 1982;
Smak 1982; see also Cannizzo 1993 for review). There is a
strong similarity between Galactic X-ray sources and active
galactic nuclei (AGNs) both in spectral behavior and in overal’
variability (Fiore & Elvis 1997; Tanaka & Lewin 1995*
leads us to expect similar accretion-disk beh~~

A
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Fi6. 1.—{a) Luminosity variations due to the disk instabilities around a black hole of 10® M, when the accretion rate is 0.1 Mz yr™" and the viscosity parameter
is different in the high and low states: ayy = 0.1 and aggg = 0.025. (b) Fraction of the time the source emits at a given luminosity for 108 Mg and 0.1M yr~1 accretion

rate. The luminosity is given in the Eddington luminosity units.

However, since the characteristic timescales are roughly pro-
portional to the central mass, the expected variability takes
thousands to millions of years in AGNs. Since these timescales
are not directly observable, these changes have been consid-
ered little more than a curiosity in AGNs.

Theoretically, accretion disks around the massive black
holes in AGNs are expected to have a partial ionization zone,
as in Galactic binaries, and therefore to be subject to the same
instability (Lin & Shields 1986; Clarke 1989; SCK96).

Current models of the time evolution of accretion disks in
AGNs have confirmed the presence of disk eruptions (Clarke
& Shields 1989; Mineshige & Shields 1990; SCK96). SCK96
considered a geometrically thin Keplerian accretion disk
around a supermassive black hole and assumed that the
viscosity scales with the gas pressure (1,, = aF,,). They found
that, depending on the viscosity, the instability can either
develop only in a narrow unstable zone, or can propagate over
the entire disk resulting in large-amplitude optical/ultraviolet
outbursts (~10*) (see Fig. 1a). The calculation of these light
curves is at present computationally demanding (SCK96).

3. FROM LUMINOSITY VARIATIONS TO THE
LUMINOSITY FUNCTION

3.1. A Single-Mass, Single—Accretion-Rate Population

The luminosity function of a population of quasars with the
same mass and accretion rate is given simply by the product of
a fraction of time one source spends in each luminosity bin and
their space density. In Figure 1b we show the fraction of time
a source emits at each luminosity, relative to the Eddington
luminosity, for the light curve shown in Figure la. The
.. luminosity range is between 107" Ly and Lgy,. The shape of
the function reflects the fact that the amplitude of each
outburst is not constant, and the variability is not precisely
periodic. The details of each outburst and the overall variabil-
* ity characteristics depend on the physics of the accretion disk
and the assumptions of the model. These details average over
many outbursts (usually a few hundred over 10°-10° years).

A single source will spend about ~75% of its life in
quiescence (L < 0.001 Lgy) and about ~25% in an active
state, with ~10% in a high state (L > 0.1 Lgy,). Likewise, in a
population ~10% of sources will be in the high state, ~25%
will be active and ~75% will be in quiescence at any given
time.

There are two characteristic transition points in the function
shown in Figure 1b: a broad maximum at ~0.1Lg; and a
minimum at ~0.001 Lg,,. When we construct a luminosity
function for a realistic population, these features will be modified
by the distribution of accretion rates and masses. A range of
accretion rates affects the low luminosity part of the curve by
smoothing at the minimum. The maximum at ~0.1 Lgy, is caused
by the fraction of outburst amplitudes reaching close to the
Eddington luminosities. The maximum is thus smoothed by the
distribution of black hole masses.

3.2. Fit to the Observed Luminosity Function

The luminosity in Figure 1b is expressed in terms of the
Eddington luminosity, in order to make the function indepen-
dent of the central mass (see the “single-mass” luminosity
function in Fig. 2a). Thus, for a given distribution of black hole
masses, we can calculate the quasar luminosity function. The
luminosity function is defined as:

®(L,2) = j d(L,z, M)NM, z) dM, (1)

where ®(L, z, M) describes which central mass contributes to
a given luminosity bin at a given redshift, and N(M, z)
represents a number of sources with a given central mass at a
given redshift. The mass density function [N(M, z)M] can be
derived, with assumptions, from cosmological models and
theoretical models on the formation of structures in the
universe (Heahnelt & Rees 1993; Small & Blandford 1992).
Here we do not consider any particular model for the forma-
tion of the black holes, galaxies, and quasars. Instead we
assume, arbitrarily, that N(M, z) can be represented by a
simple parabola. We then fitted the observed luminosity
function from Boyle et al. (1991) at different epochs varying
the peak, position, and width of the parabola. The mass
function is convolved with the single-mass luminosity function
(Fig. 1b). We held M constant and so did not change the
minimum in Figure 1b. However, this minimum is not within
the range covered by the Boyle et al. (1991) data.

We were able to obtain good fits (Table 1) to the luminosity
function at three of four redshifts, as shown in Figure 22. The
black hole mass density function required by the fit is plotted
in Figure 2b, and the parameters of the fit are given in the
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Fi6. 2.—(a) Observed luminosity function (Boyle ct al. 1991) at four redshifts indicated by points with error bars: 0.25 < z < 0.75 (open triangles), 0.75 < z < 1.25
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function: 0.25 < z < 0.75 (solid line); 0.75 < z < 1.25 (dashed line); 1.25 < z < 2.00 (dash-dotted line); 2.00 < z < 2.90 (dotted line). The truncation at the mass
required by the lowest luminosity data point is indicated by the straight lines at the lowest mass point for each parabola.

Table 1. The poor fit at redshift ~1 is due to the highest
luminosity point, which seems to require a kink in the lumi-
nosity function. We fitted the data excluding this point and
obtain a good fit (Table 1). The mass density peaks at lower
mass in this case, since the luminosity function ends at lower
Iuminosity.

Only active sources contribute to the black hole mass
density function. The maximum indicates which central black
hole mass dominates the population at each redshift. This
peak mass declines from ~2 X 10" Mg atz ~ 2.5, t0 ~2 X 10°
M at z ~ 0.5 with most of the change occurring between z ~
1.75 and z ~ 1 (Table 1). The mass density of high-mass
sources gets smaller rapidly (e.g., a factor ~100 at M = 10°
M) with lower redshift, while the peak mass density declines
by less than a factor 2. The relative constancy of this peak
implies that the number of sources at the peak remains
constant between z = 2.5 and z = 1, and then decreases by a
factor of ~2 between redshiftz = 1andz = 0.5. The low-mass
end of the distribution is not constrained by the data, so we
truncate the functions at the mass where the Eddington limit
gives the lowest observed luminosity. This lowest luminosity
point of the observed luminosity function at z = 2.5 (Lggg ~
8 x 10* ergs s7') gives the limit of 6.3 X 10’ M. Even if less
massive sources are present in the population, we cannot see
them.

4. DISCUSSION
We have shown that the thermal-viscous instability provides
a natural mechanism to generate the quasar luminosity func-

TABLE 1
RESULTS OF THE MODELING

Redshift

(z) log Mpcak lOg N(Mpcak) Xz
20-29 e 8.1 -5.30 2.78
125-20...ciiiiiiiinnns 7.3 -5.33 498
0.7-125 . cciiiiiiennns 7.3 -5.34 12.79
6.9 -5.38 3.48°
0307 et 6.9 -5.52 1.18

? Excluding the highest luminosity data point at redshifts 0.7 <
z < 1.25.

tion. We were able to fit the observed luminosity function and
estimate the parameters of the mass density function, inde-
pendent of cosmological models.

The overall shape of the mass density function and the
evolution of the peak of the mass distribution toward lower
masses with lower redshift are similar to the results obtained
by previous studies (Haehnelt & Rees 1993; Small & Bland-
ford 1992). The 30% oN fraction in these models is also
comparable with the fraction of active time input light curve
(Fig. 1b). This is not too surprising, because the same obser-
vational luminosity function was used in all the studies.

The problem of whether the low-mass sources are present at
high redshift or are born subsequently remains unsolved. In
our scenario this question could be answered by extending the
observed luminosity function at z 1 fainter by Am ~ 3. If the
fitted mass functions match the low z mass density functions,
this would suggest that all quasars are born at the same time
and that the high-mass ones “burn out” much more quickly.
This scenario, in which single mass density function declines
more rapidly at high luminosities, is strikingly different from
the conventional “pure luminosity evolution” that is used to
describe the apparent fading of the whole observed luminosity
function to lower z. It reminds us of the warning by Green
(1985) against interpreting phenomenological descriptions as
physically meaningful.

Looking at the sources in the present epoch should provide
the information on the lowest luminosity end of the distribu-
tion together with the contribution of the massive sources.
However, the luminosity of the host galaxy becomes compa-
rable to the nuclear luminosity for a low-mass black hole, and
it is hard to observe the nucleus of a normal galaxy even if it
contains an accretion disk in the active state (L ~ Lgy). On
the other hand, Seyfert nuclei are found in ~10% of galaxies,
consistent with the high state fraction from SCK96. The
problem is how can we see low-mass sources in quiescence.

The high-luminosity end of the luminosity function accounts
for all the high-mass sources which are active at each epoch.
The number of these sources gets smaller with redshift. This
decrease is often supposed to relate to the limited fuel supply
and the mechanisms of transfer of the matter into the disk. We
note, though, that the location and the size of the ionization
zone depends on the accretion rate onto the outer edge of the
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disk (SCK96; Clarke & Shields 1989). For high accretion rates,
this zone moves toward the outer regions of the accretion disk.
In the case of the high-mass black holes, the ionization zone
can be pushed out to the self-gravitating regions of the disk,
and the instability will not develop. The source then remains in
the active state until its fuel supply is exhausted and then dies.
How the location of the ionization zone affects the global
evolution of the population requires further study.

Another consideration that could lead to the more rapid
demise of high-mass quasars is that massive sources require
more fuel than low-mass sources to emit at a given L/Lgy,.
Only ~0.0027 M yr™' is needed to power a 10° M, black hole
at 0.1 Mgy, while a 10° M, black hole requires accretion rates
of order 2.7 Mzyr~'. Recent studies of quasar host galaxies (at
z < 0.3) show that the most luminous quasars reside in the
most massive galaxies, while lower luminosity quasars can be
found in any type of a galaxy (McLeod & Rieke 1995a, 1995b;
Bahcall et al. 1997). Based on the HST observations of 61
elliptical galaxies, Faber et al. (1996) conclude that about
~1% of the galaxy mass is contained within a central core of
few parsecs. This means that for a typical ~10"-10" M,
galaxy, there is about 10°~10" M, available to feed a black
hole. While at 10° M it would last for 10"'-10" years, at 10° M,
it would last for 10° years at 0.1 Mgy,

A third possibility is that the (unknown) mechanism respon-
sible for transferring the matter toward the central potential
well and into the outer parts of accretion disks becomes
rapidly less efficient in massive systems, so they would system-
atically die young.

Recently Yi (1996) considered the cosmological evolution
of quasars, assuming that advection becomes important for
accretion rates below a 0.01 Lgyy accretion rate. The theoret-
ical and observational studies of the X-ray transients suggest
that advection is important in quiescence below a critical
accretion rate (Narayan & Yi 1994; Narayan, McClintock, &

Yi 1996). Advection has not been included in our accretion-
disk model. It will modify the low-luminosity part of the light
curve in Figure la and influence the quasar evolution. We
shall include the advection in our further studies, since the
quasar remains in quiescence for ~75% of its life.

In previous studies the sources making up the luminosity
function were assumed to begin by emitting at their Eddington
luminosities and steadily become fainter with time. This does
not apply in our model. The stationary accretion rate onto the
outer edge of the disk can be much lower than the Eddington
limit. This prevents accumulation of a large mass in the center
and removes the problem of creating overly massive quasar
remnants.

Small & Blandford (1992) suggested two phases of the
quasar activity, which are related to the accretion rate. Just
after a black hole is born the matter is supplied at super-
Eddington rates, but the actual accretion onto the black hole
is limited by the radiation pressure. The black hole accretes
continuously at the Eddington rate until the fuel supply gets
lower, and then the accretion becomes intermittent. The
intermittent activity can be related to the active state of the
disk in our scenario.

The model we use to produce the quasar luminosity function
works for the optical/ultraviolet bands. The radio and X-ray
luminosity function show similar form and evolution (Maccac-
aro et al. 1992; Della Ceca et al. 1994). Physically the radio and
X-ray luminosities must then be a result of the accretion-disk
state.

We thank Bozena Czerny, Andrzej Soltan, Tom Aldcroft,
Kim McLeod, Pepi Fabbiano, and Avi Loeb for valuable
discussions. We also thank the anonymous referee for useful
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ABSTRACT

We use ROSAT PSPC spectra of z =~ 3 quasars to constrain the density and temperature of the inter-
galactic medium (IGM). Strong low-energy cutoffs in PSPC spectra of high-redshift quasars are common.
However, the absence of absorption toward some high-redshift quasars can be used to put limits on the pos-
sible cosmological density, {;, of a hot diffuse IGM, via an X-ray “Gunn-Peterson” test using edge and line
opacity in the soft X-rays. The K-edges of oxygen, neon, and carbon and the L-edge of iron produce most of
the absorption which is spread out by the redshift of the source. We assume an isotropic, isothermal, non-
evolving model of the IGM and calculate the optical depth of this absorption. We find that this test can
constrain an enriched IGM at temperatures near 10°-10° K, intermediate between the hot IGM ruled out by
COBE, and the cold IGM ruled out by the traditional Lya Gunn-Peterson test. Photoionization of the IGM
by the ultraviolet and X-ray background has a large effect. We give results for three z ~ 3 quasars and discuss
how the various trade-offs among temperature, abundance, and background radiation strength affect the limits
on Qg. In addition to the high-redshift case, we discuss techniques for constraining the IGM using X-ray
spectra of low-redshift quasars (z ~ 0.1-0.3). Currently available X-ray spectral data have insufficient energy
resolution to constrain the IGM unambiguously, and so expected detection limits for future high-resolution
spectrometers are presented. We find that with a large effective area (~2000 cm?), it is possible to substan-

tially constrain or detect the IGM at the densities which are typically predicted.
Subject headings: intergalactic medium — quasars: absorption lines — quasars: general — X-rays: galaxies

1. INTRODUCTION

For some time there has been indirect evidence which indi-
cates the existence of a diffuse intergalactic medium (IGM).
The most compelling pieces of observational evidence are the
detection of X-ray—emitting gas in galaxy clusters, and the Lya
forest clouds which are seen in the spectra of high-redshift
QSOs. Both of these are a direct demonstration that a signifi-
cant amount of matter exists in the universe which is not con-
densed into galaxies. In both cases as well, plausible models
explaining the phenomena would point to the existence of an
IGM. In the case of the cluster gas, it is found that the gas is
highly enriched, and one possible mechanism explaining this is
the ejection of processed gas by supernova explosions (e.g.,
Sarazin 1988). The same process could take place in noncluster
galaxies, which would return the enriched gas to the IGM. In
fact, recent numerical simulations of CDM cosmological
models find that feedback of energy due to supernovae in
forming galaxies can successfully reionize the IGM (Cen &
Ostriker 1993, hereafter CQ93; Shapiro, Giroux, & Bubul
1994, hereafter SGB). CO93 find that this energy in the form of
galactic superwinds can produce a “warm” IGM by heating
over 30% of the intergalactic material to temperatures of
10°-10° K. In the case of the Lya forest clouds, one of the most
natural models which explains their stability relies on pressure
confinement from a hot diffuse IGM (Sargent 1988 and refer-
ences therein).

Other theoretical evidence for the IGM comes from studies
of galaxy formation, which generally predict that a significant
fraction of the baryonic mass in the universe should remain in

! Present address: Osservatorio  Astronomico di  Roma, via
dell’Osservatorio, 5, Monteporzio-Catone (Rm), 1-00040 Italy.
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the form of a diffuse IGM (Tkeuchi & Ostriker 1986; Shapiro
1989; CO93; SGB). For example, the numerical simulations of
SGB reveal that at the very least 20% of the initial baryonic
mass is left in the IGM after the epoch of galaxy formation,
and for reasonable reionization schemes the fraction is 50%—
90%. The simulations of SGB and CO93 both imply an IGM
density in the neighborhood of Q; ~ 0.02 and temperature
T ~ 10°-10" K.

Despite the evidence that a diffuse IGM should exist, there
still has been no direct detection, nor have the basic properties
of the medium such as temperature, density, and chemical
composition been strongly constrained. Early efforts to detect
the IGM or constrain its properties are summarized in Shapiro
& Bahcall (1982, hereafter SB). The most sensitive tests to date
are the high-temperature limit based on the distortion of the
cosmic microwave background spectrum (the Compton
y-parameter) as measured by the COBE satellite (Mather et al.
1994), and the low-temperature limit based on the Lya Gunn-
Peterson test (Giallongo, Cristiani, & Trevese 1992 & Peterson
1965). The latter test is based on the fact that neutral hydrogen
in the IGM can cause absorption in the spectrum of a QSO
blueward of the Lya emission line. The limit on absorption
optical depth is converted into a constraint on the temperature
and density of the IGM by determining the neutral hydrogen
fraction, assuming ionization equilibrium. The COBE and Ly«
Gunn-Peterson limits are shown in Figure 1. We also show for
comparison the limit on density based on the standard model
of big bang nucleosynthesis Q5 < 0.026 h;Z (Kolb & Turner
1990), and well as the predicted temperature and density of the
IGM based on the simulation of CO93. Finally, we show the
best-fit values for the IGM if the X-ray background were
entirely due to thermal free-free emission in a hot IGM (Field
& Perrenod 1977). These values are excluded by the COBE

@



X-RAY CONSTRAINTS ON IGM 585

10. T T ™ T T T | S B R ]
x
COBE FP77]
10%f
10"f .
- < BBN
10%F x
c093
108
v Al L1
lm L L Illl A b 8 Ll
0.01 0.1 1
Qg

FiG. 1—Current observational limits on the density and temperature of the
IGM. The BBN line is the upper limit for baryonic mass based on standard big
bang nucleosynthesis and Hy =75 km s™' Mpc™'. The temperature and
density of the IGM calculated by CO93 and Field & Perrenod (1977; FP77)
are marked.

limit. We see that there is a large range of temperature and
density which is unconstrained by the current tests. In particu-
lar, the interesting region with T =~ 10°-10° K and IGM
density Q; ~ 0.01-0.1 has not been probed.

It was realized when quasars were detected in the X-ray
band that a Gunn-Peterson test using the X-ray transitions in
heavy elements might constrain the IGM at higher tem-
peratures than the original Lya Gunn-Peterson test (SB;
Sherman & Silk 1979; Sherman 1979). These transitions occur
even in the highly ionized species which dominate in plasmas
at temperatures between 10* to 10° K. SB calculated the total
absorption optical depth to X-rays due to line and edge tran-
sitions and found substantial absorption for high-redshift
sources over a wide range of interesting temperatures and den-
sities. However, their calculations did not include the effect of
the ionizing background radiation which is now known to
exist. We find that this radiation strongly affects the ionization
equilibrium and can significantly lower the X-ray opacity of
the IGM.

In addition to theoretical advances, the quasar X-ray spectra
which were available at the time of SB were inadequate to
usefully apply their calculations, both because there were too
few counts and the energy resolution was too low. The ROSAT
mission (Trimper 1983) now provides an opportunity to set
limits on the IGM because its high sensitivity in the soft X-ray
range allows high-redshift quasars to be detected down to
~0.1 keV (observed frame). Moreover, the Position Sensitive
Proportional Counter (PSPC; Pfefferman et al. 1987) has suffi-
cient spectral resolution to allow several parameter fits for
spectra containing a few hundred counts (see, e.g., Fiore et al.
1993). High signal-to-noise ratio observations of high-redshift
quasars with the ROSAT PSPC have revealed that some of
these quasars can be well fitted in the soft X-ray band with only
a single power law and Galactic absorption. This lack of
observed X-ray absorption in the IGM can be used to con-
strain the temperature, density, and heavy-clement abundance
of the IGM.

In this paper we explore the limits which can be placed on
the IGM using the X-ray Gunn-Peterson test at high redshift
(z ~ 3) and at low redshift (z < 04). In § 2 we explain the
calculational details and assumptions used for determining the

X-ray optical depth due to the IGM out to a certain redshift, at
a particular temperature and density. In § 3, we use ROSAT
PSPC spectra of three high-redshift quasars to set observa-
tional constraints on the IGM. Section 4 discusses detection
limits for the IGM using high-energy resolution (E/AE 2 100)
observations of low-redshift quasars. '

2. X-RAY OPACITY OF IGM

The total absorption optical depth due to a column of inter-
galactic material out to a quasar redshift z, is calculated by
summing the optical depth of each small pathlength to the
quasar. Since the contribution from each pathlength is effec-
tively redshifted (because the transmitted photons are
redshifted), summing the parts amounts to smearing the rest-
frame optical depth over frequency. The equation describing
this is

= dl
= L Kv(z)lv(l +2) -d—; dZ ) (1)

where k (z) is the gas opacity of material at redshift z, evaluated
at the frequency ¥1+z), and dl/dz=cHg'(1+2)?
(1 + Q2" Y2 for the standard Friedmann cosmology. The
opacity «,(z) is a function of the gas density, the element abun-
dances, and the ionization state of the elements at each red-
shift. If we make the assumption that ionization equilibrium
holds (discussed in § 2.5), then the ionization state is deter-
mined by the element abundances, the gas temperature and
density, and the ionizing background radiation.

We now discuss in § 2.1-2.5 the assumptions and calcu-
lational details which enter into evaluating equation (1).

2.1. Physical Model of IGM

Because very little is known about the physical conditions of
the IGM, in our calculations we adopt a model with the sim-
plest possible assumptions: the IGM is isotropic, with density
n(z) = no(1 + z)°; and the heavy element abundances A(Z)
(relative to hydrogen, for atomic element Z) and temperature T
are independent of redshift. These conditions correspond to
isothermal, no-evolution expansion of the IGM. The approx-
imation that the IGM expands isothermally is more accurate
than one might initially suppose, according to the simulations
of CO93. They find that the energy input from supernova
superwinds keeps the IGM temperature in the range 10%-10°
K after z ~ 4. For the heavy element abundances A(Z) we
consider only two possibilities, that of uniform depletion from
the “cosmic” abundances of Cameron (1973), and that of a
primordial composition with negligible heavy elements. In sub-
sequent discussion, we denote the heavy element abundance by
m, where m is the numerical value of the depletion. In the case
of primordial abundances, we use m = 0. Note that all of the
calculations are done for two values of the total mass density,
Q, = 0.2 and Q, = 1, with Hubble constant Ho =75 km s~ *
Mpc ™! (or ko = 0.75) throughout.

2.2. Background Radiation

Because of the very low particle densities (n ~ 107¢ cm
for Q; = 1) in models of the IGM, the ionizing background
radiation can be an important factor in determining the ioniza-
tion equilibrium. Since we are interested in the equilibrium of
highly ionized heavy elements, we need an estimate of the
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background radiation spectrum covering the UV-to-soft
X-ray energy band. '

The UV background radiation is best measured by means of
the Lya proximity effect, which is the observed decrease in the
density of Lya forest clouds near the QSO redshift (Bechtold
1994; Fall & Pei 1993; Bajtlik, Duncan, & Ostriker 1988;
Bechtold et al. 1988; Murdoch et al. 1986). The UV back-
ground radiation determined by this method is generally taken
to have the power-law form

1+z\ v\
J(2) = 10‘“.12,(1 :—zz) (vl) ergss 'cm™2Hz 'sr!
q LL,
@

Here J,, is the dimensionless strength, z, is the redshift at
which the proximity effect is observed, v, lS the frequency at
the hydrogen Lyman limit, and § characterizes the redshift
evolution. Based on the range of parameter values found in the
literature (which are generally in rough agreement but often
formally inconsistent), we use the values f =4, a = 1.5, and
z,= 2.5. The strength J,; of the background radiation is
uncertain by about a factor of 10, so we do all calculations for
two values, J,;, = 1.0 and J,; = 0.1. An evolution of the back-
ground in which 8 = 3-5 for z < 2 (Stanek 1992; Ikeuchi &
Turner 1991) and J (2) is constant for z > 2 is probably more
realistic; however, in these scenarios the radiation strength
differs from the value we have used by less than about a factor
of 5. This is comparable to the uncertainty in the radiation
strength itself, and so our conclusions would be unchanged if
we used this evolution.

The soft X-ray background radiation has been directly mea-
sured in the range 0.5-3.5 keV by Wu et al. (1991) using the
Einstein Observatory IPC, and in the range 0.1-2.4 keV by
Hasinger, Schmidt, & Trumper (1991) with the ROSAT PSPC.
These measurements are at zero redshift, so in our calculations
we have assumed the same redshift evolution as the UV back-
ground, namely J (z) oc (1 + z)*. Connecting the UV and soft
X-ray components together by power-law extrapolation gives
the ionizing background which we use calculating the ioniza-
tion equilibrium. Note that the relative normalization of the
components of the background spectrum is determined for
J21 = 1.0, and stays fixed for different values of J,,. This
means the entire spectrum is scaled, not just the UV com-
ponent.

2.3. Contributions to Opacity

The dominant processes contributing to the opacity k, in
equation, (1) are atomic line transitions, bound-free
(contmuum) transitions, and electron Compton scattering.
For our purposes - the latter process can be ignored because for
photon energies much less than 500 keV the cross section is
independent of energy. This means the absorption is not
detectable without a priori knowledge of the intrinsic quasar
luminosity.

Following the discussion in SB, the opacity due to an atomic
line transition in a particular ion of an element can be written

. e
1
Ky = Ry m,cfn (v —v,)

where n,,, is the density of the ion, f} , is the oscillator strength
of the transition, v, is the transition frequency, and &(x) is the
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Dirac delta function with | (x)dx = 1. If we insert this formula
into equation (1) we get the result

keV
s = 09 LY Jraod 22z o)

v\~ 12
x(l—Qo-{»Qof) forv(l+2)" ' <v<y,

=0forv<vf(l+2)"'orv>y,, (3)

where E, is the line energy, Q; is the fraction of the critical
density in the IGM, and y(Z, £) is the normalized population of
the ionic level ¢. To calculate the total optical depth due to
lines, we use equation (3), with the ion populations WZ, &)
determined by the CLOUDY (Version 84.09) program
(Ferland 1993) and the oscillator strengths and line energies as
given in Kato (1976).

The continuum or edge opacity due to photoionization can
be approximated by

K48 = Mabs oxh(vlh/v)a (v=vy)

=0 v <va), @
where vy, is the frequency of the photoionization threshold and
o, is the cross section at the threshold. In theory we can sum
the opacity from equation (4) for all the elements and ions, but
in practice this is done automatically by CLOUDY and we
simply insert the total opacity returned by CLOUDY into
equation (1).

24. CLOUDY

To evaluate the opacity and ionization equilibrium as a
function of redshift equation (1), we use the CLOUDY
program. The temperature of the gas is fixed, and no attempt is
made to balance heating and cooling. Instead, the gas is
assumed to be heated by some unspecified mechanism to the
given temperature. One means for this heating could be shocks
from supernova-driven superwinds (e.g., SGB; C093). Note
that the jonizing background radiation alone is insufficient to
heat the gas to the temperatures we are considering (Miralda-
Escude & Rees 1994).

The parameters which we input to CLOUDY for calculating
the opacity and ionization state are the density, temperature,
abundances, and background radiation. We can reduce the
total number of calculations required to constrain the IGM
properties by taking advantage of the homology relation which
applies for particle densities n < 103 cm ™3,

Ky, U) _ Ky, U)

3
n, n,

where U is the ionization parameter. This gives
x,[n(z), J(z), T, m]
=x,[Qc Yn (1 + 2)%, J(OX1 + 2)*, T, m]
(1+2)

G

I:Yn,, J.(0) , T, m]QG(I +2)3.

Here n, = 3H3/87Gm, = 11.2 x 10~° hmo cm ™3 js the critical
baryon density. The hydrogen density is related to the baryon
density by ny = Qs Yn,, where Y =0.76 is the fraction of
baryons in hydrogen. The above equation shows that the com-
putationally difficult part of the opacity calculation depends

o
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only on the two quantities (1 + z)Qg ! and T, not on all three
variables z, Q;, and T. In addition to reducing computation
time, use of the homology relation is in fact necessary because
CLOUDY is numerically unable to do calculations at the very
low densities of the IGM. The actual computations in
CLOUDY are all done at a fixed density of 10 ™% cm 3.

2.5. Ionization Equilibrium

An important assumption which is implicit in our calcu-
lation is that ionization equilibrium is established at all epochs.
At the very low densities characteristic of the IGM, this
assumption requires careful evaluation, in particular for the
ionized heavy clements which are responsible for the X-ray
opacity. For hydrogen, it is well known that at typical IGM
densities and temperatures, the H 11 recombination timescale
can easily be greater than the Hubble time (e.g., Ikeuchi &
Ostriker 1986). However, for our purposes this is not a
problem because in calculating the ionization state of the
heavy elements, we only need to know that the hydrogen is
very nearly 100% ionized. Thus the assumption of ionization
equilibrium for the heavy elements rest only on their recombi-
nation rate coefficients. The two most important processes are
radiative recombination and dielectronic recombination.
These two rates can be approximated over the temperature
range 10*-107-° K by the following formulae (Shull & Van
Steenberg 1982):

arad(T) = Arad(T/104 K)-X"d (5)

agi(T) = Ag; T™*? exp (- To/T)[1 + By exp (- Ty/T)] . (6)

The coefficients A,,4, Xrad> Aais Bai» To, and T; for each ioniza-
tion level of the elements C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe,
and Ni have been tabulated by Shull & Van Steenberg, based
on theoretical and experimental results.

Using equations (5) and (6) we can calculate the recombi-
nation timescale of each element and ionic level at redshift z
and compare this to the age of the universe at that epoch. The
main result of this calculation is that for the values of tem-
perature and density for which there is significant X-ray optical
depth (i.e., the parameter values where we can set constraints
on the IGM, as given in § 3.2 and 3.3), the recombination
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FiG. 2.—Comparison of the recombination timescale for (left) oxygen and (right) iron to the age of the universe at z = 1, for the dominant ionization levels i our
modeling. The lines indicate the temperature and density at which the recombination timescale is equal to the age of the universe. In the region to the right of each
line the species is in ionization equilibrium. On the left side are plotted lines for O 1v (solid), O v (dotted), O V1 (short dashed), O vu (long dashed), and O vut (dot-
dashed). On the right side are plotted lines for Fe xvut (solid), Fe xvn (dotted), Fe x1x (short dashed), Fe xx (long dashed), Fe xx1 (dot~short dashed), and Fe xxn
(dot-long dashed).
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timescale is generally less than the age of the universe. As an
example, in Figure 2 we plot lines which indicate the tem-
perature and density at which the two timescales are equal, for
the dominant ionization levels of oxygen and iron. In the
region to the right of each line, ionization equilibrium is a
reasonable approximation. Comparison of oxygen and iron
illustrates a general trend that the heavier elements are in equi-
librium over a larger region, primarily because the radiative
recombination coefficient scales roughly as atomic number
squared. It should be noted that at temperatures above ~ 10°
K, the primary contribution to the X-ray optical depth comes
from iron, and so the fact that oxygen and other lighter ele-
ments are not in equilibrium does not significantly alter our
limits on the IGM.

3. HIGH-REDSHIFT REGIME (z = 3)

3.1. Optical Depth

Given the assumptions we have made, we can now calculate
the optical depth due to the IGM as a function of six variables,
7, = 1,(Qq, T, m, J5;, Qq, 2). It is informative to show examples
of the optical depths and also to illustrate their dependence on
the various input parameters. In all cases, unless otherwise
specified, we use the following reference values z = 3, Q, = 1,
Q;=01,J,, =10,m=01,and T = 10°K.

The optical depth due to the IGM for the z = 3 (J,; = 1.0,
m=0.1, and Q, = 1) is shown in Figure 3. Here we have
plotted the optical depth, multiplied by the value indicated in
each plot, over a grid of values of Q; and T. This shows the
general dependence of the optical depth on density and tem-
perature.

The dependence of optical depth on J,,, the strength of the
ionizing background radiation, is shown in Figure 4. Here we
see more than a factor of 10 decrease in the optical depth
between negligible radiation (J,, = 107?) and a realistic radi-
ation strength (J,, = 1). This shows that any observational
limits on IGM properties which do not account for the ion-
izing radiation must be viewed with caution, in particular the
results of SB.

The importance of the ionizing radiation is also evident in
Figure 5, where we show the scaling of the optical depth with
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F1G. 3—Optical depth for an array of Qg and T, for z = 3,J,, = 1.0, m = 0.1, and €, = 1. Each of the subplots uses the same axis scaling as in the one marked
on the lower left-hand corner. The optical depth in each subplot has been multiplied by the value indicated.

FiG. 4—X-ray optical depth for values of the ionizing background normal-
ization, J,, = 1073 (solid), 10~? (dotted), 10~ (short dashed), and 1 (long
dashed). All curves areforz = 3,Q, = 1,7 = 10°K,and m = 0.1
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F1G. 5.—Scaling of optical depth with IGM density. We have plotted
(r,/Qg), which would be independent of Q; if there were no background radi-
ation field. In this case, with J,; = I, a decrease by a factor of 10 in density
results in a decrease in t, of more than a factor of 50. All curves are for z = 3,
Qo=1J,,=1,T=10°K,andm = 0.1.
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IGM density Q. Here we have plotted the quantity 1,/Qg,
which in the absence of a radiation field would be independent
of Q;. We see, however, that there is a strong dependence, and
a factor of 10 decrease in € results in about a factor of 50
decrease in 7,. This is primarily due to the increase in the
ionization parameter, although it should be noted that
decreasing the density is not simply equivalent to increasing
J11, because of density dependent atomic processes such as
collisional ionization in the equilibrium calculations.

In Figure 6 we show the temperature dependence of the
optical depth for T = 10*-10® K. The strong decline in T,
reflects the trend that at higher temperatures the atoms are
more highly ionized, and that the absorption cross section is
lower for higher ionic levels. The peak at 0.1 keV is due to
helium and can be seen to become unimportant at T 2 10° K,
where almost all of the helium is fully ionized. We also see from
Figure 5 that 7, peaks at higher energies as temperature
increases, because the K-edge energy increases at higher ion-
ization level. A specific example of the absorption opacity for
oxygen ions O v—O vin is given in Figure 7 and illustrates
dependence of cross section and K-edge energy on ionization
level.

The relative contribution of the important heavy elements in
our calculation can be illustrated in two ways. First, in Figure
8 we plot the optical depth due to each element at the reference
IGM parameter values. This shows that oxygen and iron are
the most important elements, followed by carbon and neon.
The relative strength of these elements is a strong function of
temperature, as shown in Figure 9. Here we plot the peak
optical depth due to oxygen and iron as a function of tem-
perature. In oxygen, as the temperature increases above 10° K,
a significant fraction of the atoms become fully ionized and
lose their photoabsorptive opacity. This is not the case for iron,
and hence the change in relative optical depth.

3.2. IGM Constraints

The X-ray spectra of high-redshift quasars are found in
many cases to show strong low-energy cutoffs (Elvis et al.
1994). The origin of the cutoffs is not fully understood,
although recent work indicates that at least in some cases the
absorption is due to warm gas associated with the quasar
(Fiore et al. 1993; Mathur et al. 1994). This absorption cannot,

Energy (keV)

F16. 6.—Log of the X-ray optical depth for values of the IGM temperature
T = 10* K (solid), 10° K (dotted), 10® K (short dashed), 10” K (long dashed), and
10® K (dot dashed). All curves are for z=3,Q,=1,Q;=01,J,, =1, and
m=10.1
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F1G6. 7—Relative opacity for oxygen ions O v (solid), O vi (dotted), O vu
(short dashed), and O vin (long dashed).

however, arise in an isotropic IGM because there exist some
high-z quasars whose X-ray spectra are well fit by a single
power law with only Galactic absorption. The existence of
these quasars implies that with the current data it is only
meaningful to set limits on the conditions of the IGM. Cur-
rently, we know of three quasars which are at z > 2 and have
an unabsorbed PSPC spectrum with at least 300 counts. PKS
0237 — 233 (297 counts), Q0420 — 388 (363 counts: Elvis et al.
1994), and Q1445 + 101 (OQ172; 656 counts).

For each quasar spectrum at an observed redshift z the
optical depth can, given our assumptions, be calculated as a
function of Q;, T, m, J,,, and Q,. In order to compare our
results with previous work constraining the nature of the IGM,
it is convenient to calculate the optical depth over a grid of
values for Qg and T, for specified reasonable values of m, J,,,
and Q,. For each value of Q; and T, we fit the observed quasar
PSPC energy spectrum with an absorbed power-law of the
form

J3 = CW Ny v~ exp [~1,(Q6, TN], ™

where C is a normalization constant and W, (Ny) is the
Wisconsin model of absorption due to Galactic gas (Morrison
& McCammon 1983), with the neutral hydrogen column
density fixed at the value derived from 21 c¢m observations.
Only the parameters C and « are free to vary. We then calcu-
late the statistic

A, TV = % Q6 T)— 1 Q6 =0).

quasars

The function Ax%(Q,, T) is distributed as y? with two degrees
of freedom, which we use to define confidence intervals in
which absorption due to an IGM can be excluded.

In Figure 10 we illustrate the effect of including the IGM
X-ray absorption term in the model fitting of PKS 0237 —233,
for IGM parameters T = 108 K, J,;, = [, m = 1.0, and Q; =
0.05 (left side) and Q; = 0.3 (right side). In both plots the points
are the “intrinsic” X-ray spectral data, in which the PSPC
instrument response has been deconvolved, and the solid line is
the best-fit power-law x Galactic absorption x IGM absorp-
tion model. For Q; = 0.05 the IGM model is consistent with
the observed data, whereas for Q; = 0.3, the IGM opacity
produces a broad absorption trough of width AE = 0.5 keV
and maximum optical depth t = 1. This results in a statistically
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Fic. 8—Contribution of individual elements to X-ray optical depth forz =
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FiGc. 9.—Maximum optical depth due to oxygen {crosses) and iron (circles)
as a function of temperature.

3,Q,=1,Q0,=01J,, = 1, T = 10°K,and m = 0.1. At this temperature the optical

unacceptable increase in the fit x2, and we can rule out an IGM
with the given parameters.

In Figure 11 we plot the 3 ¢ contour lines of Ay*(Qg, T) for
the three quasars in our sample for various values of J,,, Q,,
and m. An IGM which is colder or denser than the limits
shown is excluded by the observed lack of X-ray absorption. In
the left-hand plots we show the results for J,, = 1.0, which is
the most reasonable strength of the ionizing background radi-
ation; in the right-hand plots we use J,, = 0.1, which is likely
the smallest reasonable value. In the upper and lower plots we
show the cases Qy = 1 and Q, = 0.2, respectively. In each we
have drawn contours calculated for an IGM with heavy
element abundances of m = 1, 0.1, 0.01, and primordial. The
vertical dashed line shows for reference the limit on the IGM
density imposed by the standard model of big bang nucleo-
synthesis, Q, < 0.026 h;, for our adopted value h, 5, = 0.75.
We also mark the density and temperature of the diffuse IGM
predicted by CO93.
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Fi1G. 10.—Illustration of the effect of the IGM X-ray absorption term for T = 10° K, J,, = 1, m = 1.0, and Q = 0.05 (left) and Q; = 0.3 (right) in the model
fitting of PK'S 0237 —233. The points are the intrinsic X-ray spectrum with the PSPC instrument response deconvolved, and the solid lines are the model fits. Clearly

Q; = 0.05 is consistent with the data while Q; = 0.3 is not consistent.
3.3. Discussion

Comparison of the left and right sides of Figure 11 shows the
strong dependence of the X-ray constraints on the assumed
ionizing background. This is important to note because pre-
vious work which predicted strong constraints (SB; Rees &
Sciama 1967) did not take the background into account. The
effect of this radiation is to ionize more highly the heavy ele-
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ments which contribute to the X-ray opacity, thereby reducing
the overall absorption cross section.

Inspection of Figure 11 shows that for a primordial IGM,
the X-ray Gunn-Peterson test we have calculated is not partic-
ularly sensitive. Referring back to Figure 8 we see that the
absorption due to helium is relatively weak and more impor-
tantly it is confined to energies hv < 0.3 keV. Since Galactic
absorption is significant at this energy, the quasar spectra have
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FiG. 11.—Limits at 3 ¢ on temperature and density of IGM based on X-ray optical depth toward high-redshift quasars. The region to the right of and below the
lines are excluded. The upper plots show limits for , = 1, and the lower plots are for Q, = 0.2. The right plots show limits for J,, = 0.1. In all plots there are four
solid contour lines, which from boldest to thinnest correspond to heavy element abundances m = 1, 0.1, 0.01, and primordial (m = 0). In the lower two plots, the
contour lines are dashed for the unphysical region Q > ©,. We also show the limits due to big bang nucleosynthesis (BBN) and Lya Gunn-Peterson, as well as the

IGM temperature and density predicted by CO93.
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much lower signal-to-noise ratio in this region. It should be
noted here that the He 11 (304 A) line is expected to have a very
large optical depth for reasonable IGM models. For instance,
CO93 predict that at z =3 optical depth is approximately
1000. This line has not been observed because in all currently
known QSOs with z > 3 (which corresponds to rest-frame 304
A for an observed-frame wavelength of 1215 A), there is an
intervening Lyman-limit system which blackens the spectrum
in the relevant wavelength range. Some recent HST observa-
tions have come frustratingly close, for instance the z = 2.72
which has no optically thick Lyman-limit systems (Reimers et
al. 1992). It is somewhat ironic to note that if the optical depth
is as large as predicted, it will be difficult to usefully constrain
the IGM properties, apart from proving the existence of the
IGM. :
For an enriched IGM the X-ray Gunn-Peterson test is much
more sensitive than for a primordial IGM, since as we have
seen in § 3.1, most of the X-ray opacity is due to heavy elements
such as oxygen, iron, neon, and carbon. We ¢an now examine
Figure 11 to determine the lower bounds on IGM temperature
for various values of J,, and abundance, at two interesting
IGM densities, Q; = 0.06 and Q; = 1.0. In the former case the
IGM makes up the bulk of baryonic matter predicted by stan-
dard big bang nucleosynthesis, while in the latter case the IGM
contains the baryonic matter necessary to close the universe
With Q; = 1.0, a nonstandard model for nucleosynthesis must
be adopted in order not to conflict with the observed light
element abundances. Despite the success of the standard
model, one should not dismiss entirely the alternatives (e.g.,
Dimopoulos et al. 1988). From the figure we see that if the
ionizing background radiation is as strong as J,; = 1.0, then
our X-ray Gunn-Peterson test does not constrain the tem-
perature (above 10* K) of an IGM with Q; = 0.06, even with
solar abundances. For an IGM with the closure density, we see
from Figure 11 that we can significantly constrain the tem-
perature, especially for the weak ionizing background case.
However, it should be noted that in this case, with such a large
amount of matter in the IGM, it is unlikely that any enrich-
ment processes are efficient enough to produce a heavy element
abundance above 0.01 solar. In all cases, comparison with the
IGM temperature and density predicted by CO93 as shown in
Figure 11 reveals that the X-ray opacity of a hot diffuse IGM is
too small to test their prediction with the current data.

In order to investigate the ultimate utility of the X-ray
Gunn-Peterson test using PSPC spectra, we have constructed
simulated PSPC spectra with higher signal-to-noise ratio and
carried out the procedure described in § 3.2. The simulated
data were created using the best fit-power-law with Galactic
absorption model for PKS 0237-233, with roughly 10,000
and 100,000 counts, respectively. We find that the factor of 100
in counts gives only a factor of 5 improvement in the density
limit at constant temperature, for J,;, = 1.0 and m = 0.1. On
the other hand, at a given density the temperature limit scales
almost linearly with number of counts. For solar abundance
with J,, = 1.0, or Q.1 solar with J,, = 0.1, a quasar with 10°
counts and no observed absorption would exclude a large
range of temperatures and densities. However, even in these
cases, the test would not be sensitive enough to test the predict-
ed IGM properties from CO93.

4. LOW-REDSHIFT REGIME (z < 04)

The calculations of SB showed that the IGM optical depth
at low redshift (z < 0.4) has a qualitatively different character
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than at high redshift. In the low-redshift case the optical depth
is dominated by narrow absorption “troughs,” with sharp
edges and fractional width AE/E =~ z. The peak optical depth
due to the IGM is much smaller than at high redshift.
However, it is possible to take advantage of the very distinctive
absorption troughs, as well as the much higher signal-to-noise
ratio possible in nearby low-redshift quasars, to compensate
for the weakness of the absorption. We now consider the ques-
tion of detecting or constraining the IGM using low-redshift
quasars.

4.1. Optical Depth

The optical depth due to the IGM for the low-redshift case
z=015(J,; = 1.0,n=0.1,and Q, = 1) is shown in Figure 12.
Here we have plotted the optical depth, multiplied by the value
indicated in each plot, over a grid of values of Q; and T. The
strong peaks and discontinuities in the optical depth reflect
that, in contrast to the high-redshift case, the dominant con-
tributor here is the opacity from atomic line transitions. From
equation (3) we see that the absorption due to a line with rest
frequency v, is “redshifted” over the frequency range
vl +2)7! < v <v, At the edges of this range the optical
depth due to the line drops discontinuously to zero. The dis-
crete nature and well-defined wavelengths of the absorption
troughs allow for easy identification of the species responsible
for the opacity. For instance, for Q; = 1.0 and T = 106 K, the
dominant lines are C v, C v1, N vii, O v, O vm, Fe x1x, and
Fe xx. The largest peak, starting at 0.5 keV, is a blend of O vi1
and O v These two lines show the temperature dependence
of the ionization equilibrium, most clearly at low densities. At
Q;=01 and T=10° K, O vin predominates, while at
T = 10° K the dominant ion is O vin. Figure 12 also shows
that at high density and low temperature, there is significant
continuum opacity due to helium.

4.2. IGM Detection Limits

We first consider detection of absorption due to the IGM
using existing X-ray satellite data. The ROSAT PSPC has
energy resolution E/AE ~ 4, which is too low even to resolve
the absorption trough and is hence unsuitable for this type of
investigation. The ASCA SIS instrument has sufficient
resolution, E/AE ~ 15 at 1 keV, to begin resolving the trough
for z 2 0.15, but it is inadequate to determine the trough shape.
For both these instruments, if a quasar is found which is well
fitted by the power-law and Galactic absorption model, then
the same technique we described for high-redshift quasars can
be applied to constrain the IGM properties. However, at very
high signal-to-noise ratio one begins to see intrinsic deviations
from a power law, possibly due to intervening cold or warm
material in the line of sight to the X-ray source (Elvis et al.
1994; Mathur et al. 1994) or Compton reflection from an accre-
tion disk (White, Lightman, & Zdziarski 1988; Lightman &
White 1988). In addition, it is difficult to calibrate the energy
response in X-ray mirrors and spectrometers to much better
than a few percent, and in particular it is difficult to determine
the exact depth of absorption edges due to material in the
mirrors and other components. These two effects generally
produce X-ray spectra that have structure beyond a simple
power law, considerably weakening any conclusions about a
possible IGM based on low- to moderate-resolution spectra. It
is interesting to note that the power-law fit to one of the
ROSAT PSPC spectra of 3C 273 (obtained from the ROSAT
archive) is substantially improved by the addition of IGM
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FiG. 12.—Optical depth for an array of Q; and T, for z = 0.15,J,, = 1.0, m = 0.1, and Q, = 1. Each of the subplots uses the same axis scalings as in the one
marked on the lower left-hand corner. The optical depth in each subplot has been multiplied by the value indicated.

absorption with Q; =10, T=10°* K, m=0.1, and J,, =
1.0. In this case the fit statistic changes from x* = 70 (25 DOF)
to x* = 39 (23 DOF), which has an F-test probability of much
less than 1%. However, such a cool, dense IGM is ruled out by
the Lyx Gunn-Peterson test, hence illustrating the problems
inherent in using low-resolution, high signal-to-noise ratio
spectra to derive IGM properties.

However, if the spectral resolution is high enough (E/AE 2
100 at 1 keV) then the absorption troughs can be used to
identify or constrain IGM absorption with much greater con-
fidence. Instead of focusing on the overall fit of a spectral
model (power-law x Galactic absorption x IGM absorption)
as in the high-redshift case, we determine a local continuum
near the known position of strong lines. We then sum the
spectrum over the extent of the absorption trough for the par-
ticular line, which then allows calculation of the trough optical
depth. The two problems mentioned previously, uncertainty in
both the quasar spectrum and detector energy calibration, can
be avoided by carefully selecting energy bands (for the contin-

uum and absorption trough) which are free of any contami-
nating sharp edges or lines.

Since it is evident from Figure 12 that O vi1 (0.574 keV) and
O v (0.654 keV) are the strongest lines over most of the range
where the IGM has significant optical depth, we now look in
detail at possible detection of these two lines. In Figure 13 we
show a schematic diagram of a quasar spectrum at z = 0.15

" which shows absorption due to N v1, O vi, and O vmi in the
IGM, along with the edges and lines which can be potential
sources of uncertainty in the spectrum. In this energy range,
the important spectral features intrinsic to the quasar are pos-
sible absorption lines due to a warm absorber containing O viI
or O vin. Most evidence indicates that these absorbers are
associated with the quasar and are due to either a previously
unidentified component which also gives rise to UV absorption
(Mathur et al. 1994; Mathur 1994) or broad emission line
clouds (Shields, Ferland, & Peterson 1994). In both cases the
velocity of the material with respect to the quasar will be less
than about 5000 km s~ !, and hence the regions further than
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FI1G. 13.—Schematic diagram of quasar power-law continuum, with O vi1
and O v IGM absorption, as well as with potential sources of uncertainty in
spectrum arising from intrinsic absorption in quasar and imperfect knowledge
of detector energy response. The spectral ranges drawn in bold are used for
summing the continuum and absorption trough counts.

about 9 eV from the line energy will be unaffected. Note that
these lines will be redshifted because they are associated with
the quasar. The only strong spectral feature expected in the
mirror and spectrometer energy response in this energy range
is the O 1 K-edge (0.532 keV).

If we now make the conservative presumption that the
strengths of the warm absorber lines and energy response
edges are not well known, the energy ranges which can be used
to search for IGM absorption are limited. Any region which
contains a possible intrinsic line or crosses an edge boundary is
excluded. It is particularly important to ensure that there be no
edge between the regions used to determine the continuum and
the IGM absorption. The regions which are free of contami-
nation and can be used for determining the O vn and O v
absorption trough optical depth are drawn in bold in Figure
13. From our discussion and Figure 13 it is apparent that in
most cases the continuum can be determined only on one side
of the absorption trough. In this case the local spectral slope is
determined by the spectral model. In practice, this means using
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the fit residuals instead of the raw spectrum for calculating the
continuum and trough counts.

As a specific example of the previous discussion, we now
consider the AXAF low-energy transmission grating spec-
trometer (LETGS), which will have an energy resolution of
roughly 500 near 0.5 keV. This is sufficient to allow discrimi-
nation of the contaminating edges and lines. For a specified
source flux and observation time, we can calculate the expected
number of counts in the clean energy bands and thus deter-
mine the absorption trough optical depth which could be
detected. We then compare this limit to the predicted optical
depth of the troughs for given IGM parameters (Qg, T, m, J,,,
Q,) and so determine the ranges over which the IGM could be
constrained or detected. To estimate the expected number of
counts, we assume a spectrum which is a power law with
energy index —0.7 and with absorption due to a galactic
neutral hydrogen column density Ny = 2 x 10?° cm™2. The
3 o optical depth detection limit for this spectral shape, based
on counting statistics and using t < 1, is

o LHAELBEN(_E N\
e 2 0.5 keV

AE, \[ AE) I/ ¢ \)-12
x {C"(o.x keV)[ZO cm2]<105 s)} - @

Here AE, and AE, are energy widths over which the contin-
uum and absorption trough counts are summed, respectively;
E is the central energy of the trough; C, is the ROSAT PSPC
unfiltered count rate; A(E) is the effective area of the X-ray
spectrometer; and ¢ is the duration of the observation. For
reference, C,=1 corresponds to an energy flux
F=11x10""" ergs s™' cm™? (0.1-24 keV) or
F=15x10""ergss ' cm™2(2-10keV).

In the left-hand plot of Figure 14 we show the 3 ¢ detection
limits for O v and O vin from equation (8) for a spectrum
equivalent to a 100 ks observation of 3C 273 by the AXAF
LETGS. This assumes an effective area A(E) = 20 cm? and a
PSPC count rate of C, = 6 counts s~ !, for z = 0.15. We use
energy bands for the continuum and trough shown in Figure
13, which gives a 3 ¢ detection limit of t =~ 0.1. In both of the
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FiG. 14.— Detection limits at 3 & for a spectrum equivalent to a 100 ks observation of 3C 273 (z = 0.15) by a detector with effective area (left) 4 = 20 cm? (AXAF
LETGS) and (right} A = 2000 cm>. The solid and dashed lines correspond to J;, = 1.0 and J,, = 0.1, respectively. The thick, medium, and thin lines are for heavy
element abundances m = 1.0, 0.1, and 0.01, respectively. Also shown for reference are the big-bang nucleosynthesis limit (BBN), the Lya Gunn-Peterson limit, and the

IGM temperature and density predicted by CO93.
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plots, the solid line and dashed line correspond to J,, = 1.0
and J,, = 0.1, respectively. The bold lines are for heavy
element abundance m = 1.0 and the medium lines are for
m = 0.1. For m = 0.01, the IGM optical depth is too low to
detect the IGM in the range we have plotted. We also show for
reference the big-bang nucleosynthesis limit (BBN), the Lyx
Gunn-Peterson limit, and the IGM temperature and density
predicted by CO93. The plot illustrates that in some cases the
sensitivity increases at higher temperature, for a given density.
This is simply a reflection of the temperature and density
regime in which O vit and O vir are the dominant oxygen
species in the ionization equilibrium. The overall result shown
in the plots is that only in the cases of nearly solar heavy
element abundance (m = 1.0) or high density (Q; =~ 1) will the
X-ray spectra of low-redshift quasars be sensitive to absorption
caused by the IGM. In no cases can the test detect an IGM at
the temperature and density predicted by CO93.

Looking optimistically to future X-ray telescopes, we show
in right-hand plot of Figure 14 the 3 o detection limits for a
telescope effective area of 2000 cm?, which is a factor of 100
increase over the AXAF LETGS. With this effective area the
detection limit is T = 0.01, below which it will be very difficult
indeed to make any convincing determination that an absorp-
tion trough is present. This plot shows that with such a large
effective area the X-ray Gunn-Peterson test is sensitive to an
IGM with m = 1.0 the temperature and density near that pre-
dicted by CO93. For m = 0.1, the test can detect the IGM for
temperature T < 10 K for J,; = 0.1. For m = 0.01 the test is
unable to detect the IGM outside the current Lya Gunn-
Peterson limits.

Although we have shown only the IGM detection limits for
the case z = 0.15, we have also calculated these limits for
several other redshifts, and we find that they are largely insen-
sitive to z in the range 0.15 < z < 0.25. Qutside this range, the
widths of the regions over which the continuum or the trough
counts are summed become small, with a corresponding
decrease in sensitivity.

5. SUMMARY

We have derived the contraints which can be placed on the
density and temperature of the IGM based on ROSAT X-ray
.spectra of z ~ 3 quasars, as well as the expected detection
limits based on high-resolution (E/AE 2 100) spectra of z < 0.4
quasars. In order to calculate the X-ray optical depth due to
the IGM, we made the following assumptions: the IGM is
isotropic with no redshift evolution of density Q; and tem-
perature; the heavy-element abundances are independent of
redshift and are uniformly depleted from the “cosmic” abun-
dances of Cameron (1973); the UV-to—soft X-ray background
radiation spectrum scales with redshift as (1 + z)*; and ioniza-
tion equilibrium can be assumed to hold for the heavy ele-
ments. Given these assumptions, we have shown how to
calculate the optical depth due to the IGM as a function of
redshift (z), total mass density (Q,), IGM density (Qg), tem-
perature (T), heavy-element abundance (m), and background
radiation strength (J,,). The calculation of ionization equi-
librium is done entirely within the program CLOUDY.

We find the following about our model of the X-ray optical
depth of the IGM out to high redshift. The ionizing back-
ground radiation, which was not included in previous calcu-
lations of this nature, strongly affects the optical depth.
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Changing the background strength from J,, = 10" *to J,, =
1 decreases the peak optical depth by over a factor of 10. In
addition, the background radiation causes the optical depth to
be nonlinear in Qg, and for J,, = 1, a factor of 10 decrease in
Q. results in a factor of over 50 decrease in optical depth. Our
calculations reveal that at high redshift the X-ray optical depth
is dominated by the heavy element edge transitions O-K, Fe-L,
Ne-K, and C-K. Below about 10® K, oxygen is the most impor-
tant, while for higher temperature iron is the largest contrib-
utor.

The constraints on IGM temperature and density were
made by choosing representative values for the parameters Q,,
m, and J,, and calculating the optical depth for each quasar
redshift z over an array of values of Q; and T. This optical
depth was incorporated into the X-ray spectral fitting model
for that quasar, and we determined the IGM parameter values
for which the model produced an unacceptable fit. This was
done for the three z =~ 3 quasars PKS 0237 —233, Q0420 — 388,
and OQ 172.

We find that if the IGM density is at the limit allowed by the
standard theory of big bang nucleosynthesis (Qg < 0.026 h%,,),
the X-ray Gunn-Peterson test with high-redshift ROSAT
PSPC spectra can significantly constrain the temperature of
the IGM only for nearly solar heavy element abundances
(m =~ 1). For a temperature of 10° K and m = 0.1, this test
limits the density to Q; < 0.3. Near the IGM density and tem-
perature predicted by CO93, the X-ray optical depth is negligi-
ble (z, < 0.01). Simulated PSPC spectra with up to 100,000
counts were created, and we found that even with such high
signal-to-noise ratio, the test would not be sensitive to the
predicted IGM. We conclude that with the energy resolution
available in ROSAT data, the X-ray optical depth out to high
redshift allows substantial constraint of the IGM only in the
cases of nearly solar heavy element abundance or density near
that required to close the universe.

For low-redshift quasars (z < 0.4) the IGM X-ray optical
depth is generally less than unity and is dominated by sharp
absorption troughs. Constraining or detecting the IGM in this
regime therefore requires high signal-to-noise ratio, at which
point intrinsic deviations from a power-law spectrum are
usually apparent. We have presented a detection method
which minimizes the effect of these uncertainties by avoiding
contaminating edges and lines in the spectrum. Using this
method and two assumed values of the X-ray spectrometer
effective area (20 cm?, equivalent to the AXAF LETGS, and
2000 cm?) we have derived the temperature and density ranges
over which the IGM could be detected. At plausible densities,
the IGM out to z = 0.15 could not be detected with an AXAF
LETGS spectrum equivalent to a 100 ks observation of 3C
273. However, with the large area detector, the IGM could be
detected over a substantial range of temperatures and den-
sities.

The authors wish to thank Belinda Wilkes for supplying the
PSPC spectrum of PKS 0237 —233 in advance of publication,
Gary Ferland for help with CLOUDY, Adam Dobrzycki and
Smita Mathur for useful discussions, and Claude Canizares for
initially suggesting we do this investigation. The work was
aupported by NASA grants NAGW-2201 (LTSARP) and
NAG 5-1872 (ROSAT).
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ABSTRACT

For the bright z = 3.02 radio-quiet quasar, HS 1946+ 7658, we have obtained radio to X-ray data within
the past year: 5 GHz and 1415 MHz data from the VLA; IR photometry at J, H, K, L' (3.4 ygm) and N; IR

spectroscopy; UBVRI photometry;

optical spectrophotometry and high-resolution spectra; and an X-ray

spectrum from the ROSAT PSPC. The spectral energy distribution (SED) constructed from these data is com-

pared to the mean SED for a set of low-redshift quasars, ang
several differences. In relation to the low-redshift mean, the SED of HS 1946 + 7658 shows (1)

and while.they appear generally similar, there are
only an upper

limit at 10 um (a rest wavelength of 2.5 ym), indicating that HS 1946+ 7658 does not have a strong near-IR
excess such as hot dust would produce; (2) relatively weak Fe m and Balmer continuum emission at ~3000 A;
and (3) a steeper turndown shortward of Lya, even after correction for the Lya forest absorption lines.

Subject headings: quasars: individual (HS 1946 +7658) — radio continuum: galaxies — X-rays: galaxies

1. INTRODUCTION

The recent discovery of the bright (m, = 16.2) z=3.02
quasar, HS 1946+ 7658 (Hagen et al. 1992) provides an
opportunity to study the spectral energy distribution (SED) of
a high-redshift quasar at many wavelengths. For samples at
lower redshifts, z < 1, radio to X-ray SEDs have been com-
piled (Neugebauer et al. 1987; Elvis et al. 1994), and these are
being used to investigate the nature of the quasar central
engine (e.g., Czerny & Elvis 1987; Sun and Malkan 1989; Laor
and Netzer 1989; Barvainis 1993). Since quasars evolve strong-
ly with redshift (Boyle et al. 1991), a comparison between the
SEDs of high- and low-redshift quasars should enable us to
constrain physical models for their origin and energy source.

From 1992 September through 1993 November, we
observed HS 1946 + 7658 at radio, infrared, optical, and X-ray
wavelengths. In this paper we present the SED for HS
1946 + 7658 and compare it with the mean SED for a set of
Jow-redshift, z ~ 0.1, quasars (Elvis et al. 1994). While their
SEDs are generally similar, we find differences within specific
spectral regions: in the near-infrared (IR); around the 3000 A
“small bump”; and in the ultraviolet (UV). We assume a
Friedmann cosmology with H, = 75 km s ™' Mpc™?, go = 0.1,
except where otherwise noted.

2. OBSERVATIONS

The log of observations and the resulting fluxes are listed in
Table 1. Below, we give details of the observations made in
each band.

2.1. Radio

HS 1946 + 7658 was observed at 5 GHz and 1415 MHz wiih
the NRAO* VLA in the C-configuration on 1992 November

! Work reported here was based on observations obtained with the Multi-

ple Mirror Telescope, a joint facility of the Smithsonian Institution and the
University of Arizona.

2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam-
bridge, MA 02138.

3 Sreward Observatory, University of Arizona, Tucson, AZ 85721.

4 The NRAO is operated by the Associated Universities Inc. under co-
operative agreement with the NSF.
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22. Two “snapshots™ were taken at each frequency, and a
nearby secondary calibrator was observed immediately before
or after the quasar. Two primary flux calibrators, 3C 48 and
3C 286, were observed during the run. HS 1946 + 7658 was
detected at 5 GHz, but not at 1415 MHz. The observed frame
20 cm (A = 5 cm) to 6 cm (A, = 1.5 cm) spectral index,
«2%™ is less than ~0.043, [adla" = —log (Fgem/F20em)/108
(Véem/V20em); Fv ~ v~°1, and is less than the values of a§<™ for a
subset of low-redshift, radio-quiet quasars and Seyfert galaxies
which have notably flat radio spectra, possibly indicating an
additional continuum component (Antonucci & Barvainis
1988; Edelson 1987). Radio observations shortward of 6 cm
are needed to determine the behavior of the radio to far-
infrared continuum of HS 1946 +7658. The radio to optical
flux ratio, R = log F(v,y, = 5 GHz)/F(4,.,, = 1450 A) (Bechtold
et al. 1994), is —0.1, which categorizes HS 1946+ 7658 as
radio-quiet.

2.2. IRAS Data

IRAS ADDSCAN processing was carried out at IPACS at
the position of HS 1946 +7658. The quasar is not detected in
any of the bands, and 3 ¢ upper limits are given in Table 1.

2.3. IR Photometry

HS 1946 + 7658 was observed in photometric conditions at
J, H, K, and L (3.4 ym) at the MMT using the facility TR
photometer (Rieke 1984), and at N (10.2 um) using the facility
bolometer (Keller, Sabol, & Rieke 1990). The photometer
observations were made using a 5" aperture and a chopper
spacing of 15”. With each filter, a series of 10 s integrations,
alternating on the source and the sky was made, yielding total
integration times of approximately 1, 1, 3.5, and 16 minutes at
J, H, K, and L, respectively. Photometric transformations
and calibrations were made using the measurements of stan-
dard stars from Elias et al. (1982). Zero magnitude fluxes for J,
H, and K were taken from Campins, Ricke, & Lebofsky (1984),
and a zero magnitude flux at L was assumed to be 309.0 Jy
based on a blackbody fit to the spectrum of Vega. Extinction

5 JPAC is funded by NASA as part of the Extended Mission Program,
under contract to JPL.
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TABLE |
LoG oF OBSERVATIONS AND BROAD BaND FLUXES
Wavelength
Range Telescope F, (mJy)* Date(s)
1415MHz ........ VLA <0.94 1992 Nov 27
SGHz............. VLA 0894013 1992 Nov 27
100um ............ IRAS <378 1983
60 pm............. IRAS <126 1983
25um .oonienan.. IRAS <80 1983
R2pm ............. IRAS <111 1983
102m ........... MMT <132 1992 Nov 7
34um............. MMT 3.23+ 0481 1993 Jun 3
22um............. MMT 2.80 4 0.048 1993 Jun 3
195-24um....... MMT 1993 Nov 26
165um ........... MMT 2.67+0.039 1993 Jun 3
125um ........... MMT 2.35+0.022 1993 Jun 3
09-135um....... MMT 1992 Sep 15
I(9000A)......... FLWO 48" 1.69 +0.017 1993 Oct 25,26
R(63504) ........ FLWO 48" 1.37+0.026 1993 Oct 25,26
V(54004) ........ FLWO 48" 1.17+£0.024 1993 Oct 25,26
B(4400A)......... FLWO 48" 0.644 1 0.029 1993 Oct 25, 26
U(36004) ........ FLWO 48" 0.210 £ 0.058 1993 Oct 25, 26
3000-9000A...... Steward 90" 1993 Sep 23
10keV............ ROSATPSPC  (267+£0.03)x10"% 1993 Jun

* When the object was not detected with S/N > 3, then the F, listed is the 3
o upper limit.

corrections of 0.1 mag airmass ™' at J, H, and K, and 0.2 mag
airmass ™! at I’ were assumed.

For the bolometer observations, a 574 aperture was used,
and the beam spacing was set to 15”. The procedures for
observing with the IR bolometer were the same as for the
photometer. For HS 1946+ 7685, we obtained a 20 minute
integration. § Andromeda was observed several times during
the night for calibration.

2.4. IR Spectroscopy

The IR spectrometers Fspec (Williams et al. 1993) and the
Germanium Spectrometer (Rieke et al. 1987) were used at the
MMT to obtain 1.95-2.4 um and 0.9-1.35 um spectra for HS
1946+ 7658. Fspec has a 172 x 30” slit. The detector is a
NICMOS 256 x 256 HgCdTe array, and with the low-
dispersion, 75 lines per mm, grating, we obtained a K band
spectrum with a resolution of ~35 A over 2 pixels. A series of
cight 2 minute integrations on HS 1946+ 7658 was made.
During each integration, the telescope was dithered to place
the object in four different positions along the slit. The differ-
ences between each of the object spectra and the average of the
sky spectra which bracketed it (or the sky immediately after or
before, if the object frame was the first or last in the sequence)
were aligned and then summed to produce a two-dimensional
object spectrum for each of the eight integrations. The final
spectrum was extracted from the sum of these. The standard
star HR 7654 (spectral type A3 V) was divided into the quasar
spectrum to remove telluric absorption, and the artificial fea-
tures produced by intrinsic absorption in the star (Bry at 2.165
and another feature at 2.201 um) were removed. The spectral
type and ¥ magnitude of the standard star were used to correct
the shape and flux calibrate the quasar spectrum. All the
reductions were done within IRAF. The final spectrum shown
in Figure la was smoothed using a box size of 2 pixels and
grayshifted by +0.18 dex to match the K-band photometry.
The HP and [O m1] 5007 emission lines are predicted to fall at
1.954 ym and 2.013 um, respectively, and it is probable that the
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FIG. 1—a) The Fspec K-band spectrum for HS 1946 + 7658 with a gray-
shift of +0.18 dex (see text) applied. The horizontal segments mark the FWZI
of the telluric CO, absorption bands, which were removed from the quasar
spectrum. The regions from 2.160 to 2.175 um and 2.197 t0 2.209 ym were
extrapolated over to remove effects of dividing by absorption features intrinsic
to the spectral standard star. (b) The Germanium Spectrometer 0.9-1.35 ym
spectrum for HS 1946 + 7658 with a grayshift of —0.15 dex (see text) applied.
The dotted vertical line marks the feature which may be Mg 1 12800, and the
VWZI of the telluric H,0 band is also marked. (c) The optical spectrophotom-
etry and UBVRI photometry for HS 1946+ 7658. A grayshift of —0.05 dex
was applied to the spectrophotometry so that it matches the photometry. Both
the IR and optical data were corrected for reddening by dust in the Galaxy and
the line-of-sight damped Lya system as discussed in § 4. The horizontal seg-
ments mark the positions of telluric H,O absorption bands. The observed
wavelengths, A,,.(1 + z), for the emission lines are labeled where z = 3.02 for
all except O 1/S 1 and C 11, in which cases we assume 7 = 3.051.

steep positive slope of the spectrum in log (vF,) (see Figs. 3a
and 4) is due to the red wing of HB.

The Germanium Spectrometer has two apertures, each 3” in
diameter, separated by 22'4. Object and sky spectra were
recorded, one on each half of a 32 x 2 array of germanium
diodes. A 150 lines per mm grating provided a resolution of
0.003 pm per pixel, and each grating setting covered ~0.1 ym.
Therefore, to cover the 0.9-1.35 ym region, allowing for
overlap, required eight grating settings. We observed in two
groups of four settings each, with the quasar observations
bracketed by those of the star HR 7611, which has an A3
spectrum and was used to flat-field and flux-calibrate the data.
The synthetic stellar spectrum for an A0 star (R. Kurucz,
private communication) has strong Paschen £ (1.282 um), y
(1.094 um), and 8 (1.005 um) absorption, and we therefore
disregard the spectral regions centered about and having
widths equal to the FWZI of these lines. Integration times at
each setting were ~ 25 minutes, and a total of about 3.5 hr was
needed to obtain the 0.9-1.35 um spectrum.

We detect a possible emission feature at 4, = 1.13 um (Fig.
1b), corresponding to 2810 A in the rest frame. It may be
identified with the Mg 1 (2800 A) doublet. The feature has an
observed FWHM = 60 A, corresponding to v &~ 2000 km s~ ?,
much smaller than the FWHM of the optical lines (v ~ 10,000
km s7!). The feature is present in one spectrum. On the two
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overlapping spectra, it would cover only the 3—4 pixels at the
edge, where the data are not very reliable. The fact that it lies
within the atmospheric H,O absorption band also reduces our
confidence that it is real.

The Germanium Spectrometer data used in constructing the
SED (Figs. 3 and 4) were smoothed by a running mean where
the number of data points averaged was enough to give a
signal-to-noise greater than 50, a criterion chosen to produce a
spectrum which is smoother than the original data but does
not deviate on the small scale. The data are truncated at the
ends, where the noise rises and there was a sharp increase in
the number of points to be binned in order to achieve the
required signal-to-noise. The conditions for the J-band spec-
troscopic observations were nonphotometric, and so the spec-
trum (log vF,) was grayshifted by —0.15 dex (factor of 1.4 in
F,) to match the J-band photometry.

2.5. Optical Photometry

UBVRI photometry was obtained using a 2048 x 2048
Ford CCD (Robinson et al. 1990) on the Whipple Observatory
48 inch (1.2 m) telescope on Mount Hopkins. The overscan
region and residual bias level were subtracted from each image,
and the data were flat-fielded using dome exposures, except at
U where a median of the U data frames was needed since both
dome and sky flats exhibited a strong gradient over the array.
The data were reduced using the IRAF software package. Four
standard star fields of Landolt (1992) were monitored for flux
calibration. The quasar was observed on two different nights,
and, although neither night was strictly photometric, the aver-
aged magnitudes from each night (excluding one highly dis-
crepant U magnitude from the second night) agree to within
0.025 mag, except at B where the difference is ~0.1 mag. The
magnitudes from both nights were averaged together, and the
resulting fluxes are plotted in Figure 1c. The fluxes were com-
puted assuming zero magnitude fluxes appropriate for an
a = 1 power law (F, ~ v~ %) which is a good approximation to
the shape of the quasar optical continuum. These are taken
from Table 14 of Elvis et al. (1994) for all but the R band, where
the transmission curve for the filter we have used peaks at a
shorter wavelength than for the standard R filter used by Elvis
et al. At R, we derive a zero point flux at 6350 A equal to 3037
Jy. With a color correction of —0.03 at ¥, we obtain m, =
16.17 + 0.02 for HS 1946 + 7658. This is close to the approx-
imate ¥V magnitude of 15.9 which Hagen et al. (1992) derive
from their spectrophotometry.

2.6. Optical Spectrophotometry

Optical spectrophotometry for HS 194647658 was
obtained at the Steward Observatory 90 inch (2.3 m) telescope
using the Boller & Chivens spectrograph and a Loral
1200 x 800 CCD. The slit was 475 wide and was oriented per-
pendicular to the horizon. There were clouds at the start of the
night; however, it seemed clear by the time HS 1946 + 7658 was
observed. Both blue and red spectra were taken: the 3200-
6500 A spectrum was obtained with the 400 lines per mm
grating which gave a resolution of 30 A, and the 5500-9100 A
region was covered with the 300 lines per mm grating, giving
40 A resolution. The spectra were extracted using the IRAF
software package. The standard star, EG 129, was used for flux
calibration, and the standard Kitt Peak extinction correction
was assumed. The calibration error was roughly 10%, and it
may result from uncertainties in the measurements and in the
photometric transformations used to convert the EG 129
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fluxes from the Palomar “ AB69” to the Hayes-Latham system
(P. Massey, private communication; Massey et al. 1988). The
spectrophotometry was grayshifted by —0.05 dex (factor of
1.121in F) in order to match the photometry. Above ~ 8330 A,
interference in the CCD coating produced strong “fringing,”
and the spectrum was truncated at this wavelength. The
absorption lines produced by line-of-sight clouds at z = 3.048,
z = 2.841 (a damped Ly« system), and z = 1.738 (Hagen et al.
1992) were removed; however the emission lines: Lya/N v;
O 1v]/Si1v 1400 A; C1v 1549 A ; and C m] 1909 A are left in the
spectrum, and their measured FWHM values correspond to
approximately 14,000 km s~!, 10,000 km s~*, 8000 km s~ *,
and 16,000 km s !, respectively (see Fig. 1c). These are quite
large compared to the FWHM of emission lines in low-redshift
quasars (Wilkes 1986); however, N v affects the measured
FWHM for Lla, and the blue wing of C m] may be enhanced
by A 11 1858 A emission. There is evidence in the spectrum for
O 1/Si m 1304 A and C m 1335 A, both at a redshift of 3.051
which is close to that of a line-of-sight absorber with C1v, Si1v,
and Lyx (Hagen et al. 1992). Their redshift corresponds to a
relative velocity of ~500 km s~ ! between the high- and low-
ionization emission lines, and this is consistent with previous
measurements (Gaskell 1982; Wilkes 1984). The O 1/Si 11 and
C 1, and a possible Al 11 1670 A emission line, are too weak or
contaminated by other features to measure their properties. As
in the spectrum of the z = 3.8 quasar, Q1208 + 101 (Sargent et
al. 1986), we do not find evidence for He 1 1640 A,

27. X-Ray

In 1993 June, a 0.1-2.4 keV spectrum of HS 1946 4 7658 was
obtained with the ROSAT PSPC. A detailed account of the
observations and reductions is given in Bechtold et al. (1994).
HS 1946+ 7658 is the only radio-quiet quasar from the high-
redshift sample of Bechtold et al. (1994) with enough PSPC
counts to enable the X-ray spectral index to be measured.
Assuming only Galactic extinction, with N, fixed at the Galac-
tic value of 7.5 x 102° cm ™2, they determine the spectral index,
ap =10+ 03.

3. CORRECTION FOR THE Lyx FOREST

Ly« emission is observed in the spectrum of HS 1946 + 7658
at i, = 4888 A. Blueward of Lya, absorption by neutral
hydrogen in the host galaxy and in intervening Lya forest
clouds suppresses the continuum flux. To determine the true
continuum level between the absorption lines, we used two
high-resolution spectra (i/64 ~ 10*; FWHM =~ 80 km s™')
that were obtained with the MMT Blue Channel (Dobrzycki &
Bechtold 1994) and cover the 3200-5000 A region. These data
were necessarily taken using a narrow slit (1”) and so some
light was lost. To correct the overall flux level of the high-
resolution spectrum, the data were binned to match the 2.74 A
bin size of the spectrophotometric data. The binned data were
then divided into the spectrophotometric data and a poly-
nomial fit to the ratio was taken to be the correction function.
Only the data longward of 3650 A were fitted. There was a
difference in the wavelength calibrations for the two data sets,
and before the ratio was computed, the spectrophotometry was
shifted by +4.5 A to match the wavelength scale for the high-
resolution spectra. Finally, the continua determined from the
high-resolution spectra were scaled by the correction function.
This procedure is illustrated in Figure 2. The polynomial fits
were not well-behaved near the endpoints of each spectrum,
and therefore the corrected spectrum between 4060 A and 4120
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FiG. 2—The fluxed continua determined from the high-resolution spectra
(thick lines) are plotted with the low-resolution spectrophotometry (thin line).
(b) The continuum derived from the original high-resolution spectra. (c) The
polynomial fit to the ratio between the spectrophotometry and the binned
high-resolution data. This fit corrects the high-resolution data for slit losses
and detector response. The product of the fit in (c) and the continuum in (b)
gives the corrected continuum shown in (a).

A is not plotted. The fluxed blue continuum is flatter than the
original, showing that the fluxing procedure has corrected for
the blue light lost when using the narrow slit. This procedure is
limited in that it cannot correct for flux suppression by multi-
ple, low column density clouds along the line of sight. A sta-
tistical treatment of these, such as that developed by Press &
Rybicki (1993), may further enhance the UV flux.

4. DEREDDENING

The quasar continuum was corrected for extinction in the
Galaxy and in a damped Ly« system at z = 2.841 (Hagen et al.
1992). Toward the %uasar, the column density of Galactic H 1,
Ny(Gal) = 7.5 x 10°° cm ™2 (Stark et al. 1992), and the column
density of H 1in the damped Ly« system, as measured from the
profile of the Lya absorption line, is 1.5 x 102°cm ™2

The Galactic extinction law used is a combination of that
given by Savage & Mathis (1979) for the optical and UV and
Rieke & Lebofsky (1985) for the IR. To correct for reddening
due to the Lya system, the extinction law for the Small Magel-
lanic cloud (Bouchet et al. 1985; Prevot et al. 1984) is used,
since the conditions (e.g., metallicity) in the SMC are likely to
resemble those in damped Ly« clouds (Pei, Fall, & Bechtold
1991). Shortward of 2= 1275 A, the SMC extinction is
unknown and we have assumed both a simple extrapolation of
the UV extinction curve and a turnover toward higher ener-
gies. Under these different assumptions, the resulting fluxes
differ only by, at most, 2%, and therefore, throughout this
paper we use only the extrapolated SMC extinction curve.

We assume the standard Galactic gas-to-dust ratio of
48 x 10?! atoms cm ™2 mag~! (Savage & Mathis 1979), and
that the dust-to-gas ratio in damped Ly« clouds may be 10
times smaller than the Galactic (Fall, Pei, & McMahon 1989;
Pei et al. 1991). To cover a range of slopes and normalizations
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FiG. 3—a) The [R/optical observed frame SED: (A} not corrected for
interstellar extinction; (B) dereddened by N (Gal) = 7.5 x 10*® cm~2 and
assuming the damped Lyx system has a column density, Ny = 1.5 x 10%°
cm~2? and a dust-to-gas ratio equal to 1/10 of the Galactic value; and (C)
dereddened assuming the same parameters for the Galactic and damped Lya
system as (B), but assuming also an additional column intrinsic to the quasar,
Ny = 16 x 10%° cm ™2 This is the column density required to bring the UV
slope into agreement with the mean low redshift SED. (b) The radio to X-ray
energy distribution. The data were dereddened using the same assumptions as
in the spectrum labeled (B) above.

for the original quasar spectrum, we show, in Figure 3a, the
observed-frame IR/optical continuum without any corrections
for reddening (curve A} and corrected for extinction in both the
Galaxy and the damped Lya system, where the dust-to-gas
ratio is assumed to be 0.1 times the Galactic (curve B). The
third SED (curve C) represents how the continuum would
appear if an additional intrinsic column (which will be dis-
cussed later) were present.

5. DISCUSSION

In Figure 3b, the radio to X-ray observed-frame continuum,
dereddened assuming the dust-to-gas ratio of 0.1 times the
Galactic for the Lya cloud (bold line in Fig. 3a), is plotted
together with the mean SED determined for a set of low-
redshift, radio-quiet quasars from which the contribution from
the host galaxy has been subtracted (Elvis et al. 1994; dotted
line). The optical (4,.,, = 6500 A) to UV (4., = 1250 A) slopes
of these two SEDs are nearly identical, o, = 0.35 (F, ~ v,

although the optical luminosity of HS 1946 + 7658 is nearly
two orders of magnitude greater than the average luminosity of
the sample of Elvis et al. The optical/UV continuum of HS
1946 + 7658 is also in good agreement with the composite QSO
spectrum for a set of about 700 quasars and AGN from the
Large Bright Quasar Survey (Foltz et al. 1987, 1989; Hewett et
al. 1991) and for which the median optical (4, = 5050 A) to
UV (4. = 1450 A) slope is 0.32 (Francis et al. 1991). This
similarity in continuum shapes favors scenarios in which evo-
lution of the quasar population is determined by successive
generations of short-lived quasars (~ 1078 yr) rather than by a
single generation of long-lived (~ 10° yr) quasars (Cavaliere et
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al. 1989; Haehnalt & Rees 1993). In contrast, a correlation
between ¢, and luminosity was reported by Zheng & Malkan
(1993) who suggested that it was at least partly due to the
contribution of starlight at 6500 A. If no host galaxy subtrac-
tion were made for our low-redshift sample, a,,, would be ~0.5,
consistent with this interpretation. Further observations of
high and intermediate, z ~ 1, redshift quasars are being made
to test whether this result holds in general.

At a more detailed level, differences between the rest-frame
SED for HS 1946 + 7658 and the mean low-redshift SED occur
in three places: the near-IR ; the 3000 A “small bump ” region;
and the UV.

5.1. Near-IR

Our 10.2 ym limit, which corresponds to an emitted 2.5 um
luminosity, L, < 2.3 x 1033 ergs s™! Hz ™!, lies a factor of 8
below the IRAS 12 um limit and a factor of 1.2 below the mean
low-redshift, radio-quiet SED. HS 1946 + 7658 shows no evi-
dence for dust emission, which would be expected for high-
redshift quasars if they are in the early stages of evolution from
dusty IR luminous galaxies to optically selected quasars
(Sanders et al. 1988). The rest-frame 2.5 um fluxes relative to
those at 1 um, the IR inflection point, and in the optical, 2500
A, are listed in Table 2 for HS 1946+ 7654, the mean radio-
quiet SED and F10214 +4724, a z = 2.286, IR luminous galaxy
{(Rowan-Robinson et al. 1993).

5.2. The 3000 A “ Small Bump” Region

In the rest-frame optical, there is little evidence of the 3000 A
“small bump” due to blended Fe n and Balmer continuum
emission and commonly seen in the SEDs of low-redshift,
radio-quiet quasars (Wills, Netzer, & Wills 1985). The contin-
uum level for HS 1946 + 7658 lies a factor of ~ 1.5 times below
the mean low-redshift, radio-quiet SED. The weak 3000 A
emission may imply that HS 1946+ 7658 has little UV Fe 1,
and even less optical Fe 1 emission, since optical Fe 11 around
" HB is typically 4-12 times weaker than the UV Fe 11 emission
(Wills et al. 1985). Q0014 + 813 and Q0636 + 680 are two z > 3
radio-loud quasars in which optical Fe 1 has been detected
(Blston, Thompson, & Hill 1994), and Hill, Thompson, &
Elston (1993) have recently reported strong optical Fe 1 emis-
sion in four bright z ~ 2.5 quasars (two radio-quiet BALs, one
radio-quiet, one radio-loud). We have recently obtained higher
resolution and signal-to-noise J and K-band spectra of HS
1946 + 7658 which will enable us to search for individual Fe it

TABLE 2
NEAR-IR PROPERTIES
A.
L2500 A)  L2.5 m) L25pym)
Quasar (ergss™Y) L2500 A)  L(2500 A)
Mean lowz, RQ SED 3.5 x 104 0.5 0.5
HS 1946 + 7658 55 x 1047 <0.5 <15
F10214+4724 3 x 10%° <40 100
B.
L1 pm) L{2.5 pm) L25 pm)
Quasar (ergss™!) L{1 um) L(1 pm)
Mean low z, RQ SED 1 x 10** 1.6 1.5
HS 1946 + 7658 2 x 1047 <12 <35
F10214+4724 1 x 1048 <18 50
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multiplets. Zheng & Malkan (1993) have suggested that the
correlation between luminosity and UV slope is responsible for
the Baldwin effect for C 1v. Although they find that this effect is
much weaker for low-ionization lines, a luminosity-dependent
continuum shape might result in weaker Fe 1 emission and
thus explain the lack of a significant 3000 A bump in the
continuum of HS 1946 + 7658.

53. UV

Shortward of Lya, the spectral slope of HS 1946+ 7658 is
steeper than that of the mean SED for low-redshift quasars,
even after correcting for the Ly« forest and accounting for dust
in the Galaxy and in the damped Lya system (Fig. 3a, curve B).
To bring this slope into agreement with the mean low-redshift
SED would require an intrinsic absorption column of Ny = 16
x 102° cm ™2 However, as the upper curve (C) in Figure 3a
shows, dereddening by this additional column changes the
8000-5000 A slope as well, making this quasar much bluer
than the mean low-redshift quasar. Unless the UV turnover is
produced by weak blended Lya absorption lines for which we
have not corrected, our data indicate that either HS
1946 + 7658 has an intrinsic turndown in the UV or it has
strong optical/UV “big bump ” plus extreme reddening.

Even after correction for the Lyx forest absorption, the con-
tinuum level blueward of Lya lies below a simple linear
extrapolation through the 5100-5200 A and 6500-7400 A
regions. The Gunn-Peterson test for an ionized intergalactic
medium (IGM) predicts such a drop. The optical depth im-
plied is 0.095, as estimated from the ratio of observed (F,,,)
to extrapolated flux (F.) at A, =4700 A, ie, tgp =
In(F,,/F,,). This is marginally consistent (at 3 ¢) with the limit
0.013 + 0.026 given by Giallongo, Cristiani, & Trevese (1993).
However, the extrapolation of the continuum across Lya is
uncertain and depends on proper deblending of the lines
between Lya/N v and O 1v]/St 1v 1400 A. A 20% lower contin-
uum flux between Lya/N v and O 1v]/Si 1Iv would result in a
Gunn-Peterson optical depth of zero.

5.4. Comparison with Models

At low redshifts accretion disk models are commonly fitted
to the optical/UV continua of quasars. The turndown short-
ward of Lys, if intrinsic, imposes stringent constraints on disk
models for HS 1946+ 7658. We assume the disk emits a
sum-of-blackbodies spectrum (Frank, King, & Raine 1992), the
peak of which corresponds roughly to the temperature,

T _ (3CMM\A
~\ 8noR3 ’

where M is the mass of the black hole, M is the accretion rate
and R is the inner radius of the disk. The paths of hard photons
from the inner region of the disk are deflected by the central
potential into the equatorial plane. As the viewing angle
changes from face-on to edge-on, an increasing number of
these photons are seen, and thus the peak wavelength of the
model spectrum decreases (Cunningham 1975). For a given
disk inclination, it is easy to show that the characteristic tem-
perature, and thus also the peak wavelength, are proportional
to F2/L, where L is the total luminosity and f; is the ratio of the
total luminosity to the Eddington luminosity. Thus, if the lumi-
nosity of the quasar is increased, for example by assuming the
largest plausible universe or intrinsic reddening, then, to main-
tain a fit to the continuum shape, either the value of f; must be
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F16. 4—The rest-frame IR /optical/UV SED dereddened by N,(Gal) = 7.5
x 10%° ecm~? and assuming the damped Lyx system has N = 1.5 x 10?°
cm~? and a dust-to-gas ratio 1/10 that in the Galaxy. We take H, (km s~ '
Mpc~!) = 75 and g, = 0.1. The solid linc represents the spectrum computed
for a face-on Kerr disk model which assumes L (ergs s~*) = 2.4 x 10*® and
L/Lgy, = 1, corresponding to black hole mass and accretion rates equal to
1.7 x 10'® M, and 130 Mg, yr~!, respectively. Spectra emitted by free-free
radiation from gas with T = 10° K (dotted line) and a single blackbody with
T = 25,000 K (dashed line) are also plotted.

increased or the assumed angle between the equatorial plane
and the line-of-sight decreased.

First, we assume no reddening intrinsic to the quasar. Figure
4 shows the rest-frame optical/UV continuum together with
spectra for Kerr accretion disk (solid line), free-free (dotted line),
and blackbody (dashed line) models. The best-fit disk models
are for black hole masses and accretion rates of 1.7 x 10'° Mg
and 130 M, yr™! (7.5 x 10° M and 30 Mg yr~* for H, =
100 km s~ ! Mpc™1, g, = 0.5). To produce a spectrum which
peaks at sufficiently short wavelengths to fit the shape of the
SED of HS 1946 + 7658 and also matches the high luminosity
implied by the largest plausible universe (i.e., Hy = 50, ¢, =
0.0) requires the assumption of super-Eddington accretion.
Assuming the disk is viewed at an angle mitigates this, and an
inclination of 40° (cos 8 = 0.75) of the disk axis to the line of
sight allows an Eddington-limited disk model to fit the data.
However, this requires M = 5 x 10'® M, and M = 415 M,
yr~! which are quite extreme. For three cosmologies (those
which give the largest and smallest universes and an interme-
diate value) the parameters which give the best fits are sum-
marized in Table 3.

If intrinsic reddening is assumed, then the UV slope is sig-
nificantly flattened, and hotter disk models are required, thus
exacerbating the problems with fitting the data for the largest
universe with a Kerr disk. Furthermore, additional deredden-
ing results in an optical continuum shape which rises too
rapidly from 8000 to 5000 A to be fitted well with the standard
Kerr disk model. -

Optically thin free-free radiation has also been fitted to
quasar optical continua (Barvainis 1990, 1993). Figure 4 shows
a free-free spectrum at T = 10° K. A single blackbody at
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TABLE 3
Best-FitTiNG KERR Disk MODELS

M M L
(Ho, 90 cos 0 (M) Moyr™)  (ergss™')  L/Lgy,
(100, 0.5)....... 1 7.5 x 10° 30 5.5 x 1047 052
(75,00) ....... 1 1.7 x 101° 130 24 x 10 10
(50,00) ....... 075 50 x 10'° 415 75x10*® 10

*Hyinkms™! Mpc™ L.

T = 25,000 KX is plotted as well. The one-temperature, free-free
model is too flat, while the single blackbody is too narrow to fit
the data well.

6. CONCLUSIONS

The radio—X-ray SED for HS 1946 + 7658 is similar overall
to those for low-redshift quasars with a few notable exceptions.

1. Tt has a steeper UV turnover even after correction for the
Lya forest absorption and interstellar extinction. Additional
extinction by dust in the quasar seems unlikely; hence, an
intrinsic turnover in the UV may have been found, although
absorption by weak, blended Lya forest lines for which we
have not corrected may be partly responsible for this turnover.

2. In the continuum of HS 1946+ 7658, the 3000 A region
does not show any evidence of blended Fe m and BaC emission
which is common in the spectra of low-redshift, radio-quiet
quasars.

3. In the rest-frame near-IR, there are no detections, making
the IR to optical flux for this quasar weak compared to the
mean low-redshift quasar. A possible interpretation is that this
quasar has a disproportionately small amount of hot dust.

In addition, a comparison between the models and the rest-
frame optical/UV continuum illustrates that, for all but the
largest plausible universe, sum of blackbodies Kerr accretion
disk models can fit the data, except in the UV where they
cannot account for the rapid turnover.
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ABSTRACT

We compare the optical to soft X-ray spectral energy distributions (SEDs) of a sample of bright low-redshift
(0.048 < z < 0.155), radio-quiet quasars, with a range of thermal models which have been proposed to explain
the optical/UV/soft X-ray quasar emission: (1) optically thin emission from an ionized plasma, (2) optically
thick emission from the innermost regions of an accretion disk in Schwarzschild and Kerr geometries. We
presented ROSAT PSPC observations of these quasars in an earlier paper. Here our goals are to search for
the signature of thermal emission in the quasar SEDs, and to investigate whether a single component is domi-
nating at different frequencies.

We find that isothermal optically thin plasma models can explain the observed soft X-ray color and the
mean optical-ultraviolet (OUV) color. However, they predict an ultraviolet (1325 A) luminosity a factor of 3 to
10 times lower than observed. Pure disk models, even in a Kerr geometry, do not have the necessary flexibility
to account for the observed OUV and soft X-ray luminosities. Additional components are needed both in the
optical and in the soft X-rays (e.g., a hot corona can explain the soft X-ray color). The most constrained
modification of pure disk models, is the assumption of an underlying power-law component extending from
the infrared (3 um) to the X-ray. This can explain both the OUV and soft X-ray colors and luminosities and
does not exceed the 3 um luminosity, where a contribution from hot dust is likely to be important. We also
discuss the possibility that the observed soft X-ray color and luminosity are dominated by reflection from the
ionized surface of the accretion disk.

While modifications of both optically thin plasma models and pure disk models might account for the
observed SED, we do not find any strong evidence that the OUV bump and soft X-ray emission are one and
the same component. Likewise, we do not find any strong argument which definitely argues in favor of
thermal models.

Subject headings: quasars: general — X-rays: galaxies

1. INTRODUCTION

The most striking property of the continuum of unbeamed
quasars (simply quasars hereafter) is the fact that it extends
over at least seven decades in frequency, from 100 ym to 100
keV, maintaining a similar luminosity per decade. The most
prominent feature of a quasar’s spectral energy distribution
(SED) is the blue bump which dominates the optical/
ultraviolet (OUYV) emission and contains > 50% of the energy
output. The blue bump could have a broad maximum in the
1300-1000 A range, as suggested by Malkan (1988), or could
extend into the so far unobserved extreme-UV region, if some
intrinsic reddening is present. The observed soft X-ray flux is in
most cases lower than that predicted by extrapolating the UV
flux with the typical siectral indices measured at wavelengths
longer than ~1000 A. This requires a sharp drop in the
extreme UV region. The soft X-ray flux (<1 keV), however, is
higher than the extrapolation of the higher energy (2-10 keV)
power law. This low-energy X-ray turn-up, commonly known
as the soft X-ray excess, is generally interpreted as the high-

! This paper is based in part on data obtained on the Multiple Mirror
Telescope (MMT), a joint facility of the Smithsonian Institution and the
University of Arizona.

2 Postal address: Osservatorio Astronomico di Roma, via dell'Osservatorio
5, Monteporzio-Catone (RM), 100040 Italy ; fiore@cfa harvard.edu.
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energy tail of the blue bump. Although such a connection is
suggestive given that both components increase into the unob-
servable extreme-UV, no direct evidence yet exists. However it
is clear that the combination of OUV and soft X-ray data will
provide invaluable conmstraints on models which seek to
explain both components, such as thermal emission from an
accretion disk (e.g., Shields 1978; Malkan & Sargent 1982;
Czerny & Elvis 1987; Sun & Malkan 1989; and Laor 1990, on
the OUYV side; Turner & Pounds 1988 and Elvis et al. 1991,
from the X-ray side), and optically thin free-free (see Barvainis
1993 for a review).

The soft X-ray excess was recognized as a distinct and
common component below 1 keV of the X-ray spectra of
Seyfert 1 galaxies and quasars in both EXOSAT and Einstein
data (Turner & Pounds 1989; Wilkes & Elvis 1987; Masnou et
al. 1992). However, the poor energy resolution of both instru-
ments at these energies resulted in little or no information
about the spectral form. The softer energy band and improved
resolution of the ROSAT (Triimper 1983) PSPC (Pfeffermann
et al. 1987) provides us with our first opportunity to study the
spectrum of the soft excess and thus to realize its full potential
as a constraint on models for the OUV/X-ray continuum.

We observed a sample of low-redshift, radio-quiet quasars
selected to be the brightest with known soft excesses, to acquire
high signal-to-noise (>100 o) spectra with the PSPC. The
analysis of these X-ray observations is reported in a compan-
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ion paper (Fiore et al. 1994, hereafter Paper I). The main
results from this paper are the following:

1. The PSPC spectra span a broad range of slopes (1.3 <
ag < 2.3, where F, oc v~ *¥) and are steeper than at higher ener-
gies (typically 2-10 keV) by Aa; = 0.5-1. They are dominated
by the soft X-ray excess.

2. The deviations from a single power-law model in the
0.2-2 keV band are small but still significant. The “break
point” between the hard and soft components is in all cases
above 0.7 keV. The PSPC spectra exclude “narrow ” models,
such as a single line or a blackbody, for the soft X-ray
component.

3. The strength of any line emission feature in the soft X-ray
band is small (less than 10%-20% of the counts in each
channel), unless the continuum is complicated.

Here we present the optical to soft X-ray SEDs of the
quasars and compare them with the predictions of a wide
range of thermal models which have been proposed to explain
the OUV/soft X-ray quasar emission: (1) optically thin plasma
emission, (2) optically thick thermal emission from the inner-
most regions of an accretion disk in Schwarzschild and Kerr
geometries. Our aims are to search for the signature of thermal
emission in the quasar SEDs and to investigate whether a
single component is dominating at different frequencies or
rather if the quasar SEDs are best reproduced by the super-
position of different components.

2. THE SOFT X-RAY COMPONENT AND THE BIG BLUE BUMP

A longstanding question in quasar research is whether the
soft X-ray emission and the OUV blue bump are one and the
same component. The most direct way to verify this is to
search for simultaneous/correlated variations in both the UV
and soft X-ray emission. Unfortunately simultaneous UV and
soft X-ray observations of longer than a few hours are difficult
to schedule with ROSAT and IUE and have so far been per-
formed only for a few, very bright objects like the BL Lacertae
object PKS 2155 — 304 (Edelson et al. 1995).

A number of quasars have been observed nearly simulta-
neously by JUE and ROSAT during the ROSAT All-Sky
Survey (Walter et al. 1995). These authors found that in six out
of eight cases the shape of the UV to soft X-ray component is
similar, while the relative strength of the UV emission com-
pared to the hard X-ray power law varies by a factor of 10 over
the sample.

A more indirect method is through the statistical properties
of the UV and soft X-ray emission of a sample of quasars.
Walter & Fink (1993) have reported a strong correlation
between the soft X-ray (PSPC) spectral indices and the ratio
between the flux at 1350 A and that at 2 keV in a sample of
about 50 quasars. Under the assumption that the PSPC spec-
tral index is a good indicator of the strength of the soft excess,
this was interpreted as evidence that the soft X-ray emission
and OUV emission are part of the same component: a O-UV-
X-ray bump. There are-some concerns about this analysis. We
note that: (1) the Walter and Fink sample is soft X-ray selected,
since it includes only the brightest quasars in the ROSAT
All-Sky Survey. Then, the PSPC spectral index and the 2 keV
flux are strongly correlated quantities, since 2 keV is the upper
end of the PSPC band: in a flux-limited soft X-ray survey a
source with a low 2 keV flux is likely to have also a steep PSPC
spectral index. (2) The Walter and Fink sample is very heter-
ogeneous. It contains: low-luminosity Seyfert galaxies and
high-luminosity, high-redshift quasars, sources with strong and

faint blue bumps; radio-loud and radio-quiet objects; strongly
absorbed and unabsorbed sources. The correlations between
these properties and the luminosity in the optical, UV, and soft
X-ray bands are all complicated and could drive, at least in
part, the Walter and Fink correlation.

Laor et al. (1994) report a result similar to the Walter and
Fink correlation. They found a significant correlation between
the PSPC spectral index and the optical (3000 A) to X-ray
(2 keV) rest frame spectral index agy in a sample of 10 optically
selected, z <04 ((z) =022), Mz < —23 quasars (three of
which are radio-loud). Being optically selected, this small
sample does not suffer from the selection bias mentioned
above.

As an example we plot in Figure 1 a5y as a function of the
PSPC best-fit single power-law energy index a;.> We include the
Laor et al. (1994) radio quiet objects, the sample presented in
Paper I (four objects are PG quasars, and the remaining two,
NAB 0205 + 024 and Mrk 205 have a comparably strong blue
bump), and all the radio-quiet PG quasars in the Walter and
Fink sample which have small Galactic Ny and z < 0.4. The
combined sample consists of 22 objects, all radio-quiet, with a
strong blue bump, without significant intrinsic absorption and
spanning a large range in optical luminosity (—26 < My <
—21). We estimate that a spread in aox of +0.1 is introduced
by the fact that the observations in OUV and X-ray are not
simultaneous (from the data in Tables 1 and 2, see below). It is
not clear whether or not the amplitude of the long-term UV
variability is correlated with the luminosity. O’Brien et al
(1988) found some evidence for an inverse correlation, but their
sample of high luminosity objects was small. For the sample
presented in this paper there is no evidence for a correlation
between the amplitude of the UV variability and luminosity.
We therefore assume that the spread in agy is roughly similar
at all luminosities. For the objects in the sample presented in
this paper the optical luminosity has been corrected for the
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FiG. 1.—PSPC cnergy index plotted against the OUV to X-ray energy
index &y for the quasars of the sample presented in this paper (squares), the
radio-quiet quasars in the Laor et al. (1994) sample (circles), and the PG
objects in the sample of Walter & Fink (1993) with z < 0.4 (triangles). Open
symbols identify high-luminosity quasars (M, < —23.5), filled symbols iden-
tify low-luminosity quasars (M, > —23.5).
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contribution from the host galaxy, while the objects in the
Laor et al. and Walter and Fink samples were not so corrected.
We note however that the contribution of the host galaxy
should be small even in low-luminosity objects at 3000 A (see
the galaxy template in Elvis et al. 1994a), thus affecting agyx
only slightly.

The correlation between oy and agy is quite good for the
high optical luminosity objects (11 objects with Mz < —23.5,
linear correlation coefficient equal to 0.855 corresponding to a
probability of 99.95%). The linear correlation coefficient for
the whole sample is lower (r = 0.60, corresponding to a prob-
ability of 99.6%). In fact, the four points which deviate most
from the correlation are all lower optical luminosity sources.
Two of these sources, PG 1440+356 (Mrk 478) and PG
1244 + 026 have a very steep PSPC slope but their soft X-ray
luminosity is comparable or even higher than their UV lumi-
nosity, unlike all the other sources in the sample. PG
1440+ 356 is one of the few quasars detected at ~0.1 keV by
the ROSAT Wide Field Camera (Pounds et al. 1993). Another
Wide Field Camera source (RE 1034+ 398) has a very steep
PSPC spectrum (Puchnarewicz et al. 1995), flat a5y and soft
X-ray luminosity higher than the UV luminosity. Pounds
(1994) and Fiore & Eivis (1995) suggested that these sources
could belong to a separate class of quasars, sources that emit
the most of the power in soft X-rays, unlike the majority of
optically selected quasars. Fiore & Elvis (1995) suggested that
these source could resemble Galactic black hole candidates in
the high (and soft) state.

Assuming that the PSPC spectrum of radio-quiet, strong
blue bump sources, is made up of two distinct components, a
steep one dominating below ~ 1-2 keV and a hard one domi-
nating at higher energies, the correlation in Figure 1 can be
interpreted in two ways. Either (1) the intensity of the soft
component is more or less the same in all sources while that of
the hard one varies over a broad range, or (2) the intensity of
the soft component varies over a broad range in these sources
while that of the hard one is more or less the same. The signifi-
cantly larger scatter in the 2 keV luminosity found by Laor et
al. (1994) with respect to that in the 0.3 keV Iuminosity, argues
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for the first case. This suggests that, in high optical luminosity
sources at least, a correlation between the blue bump and the
soft X-ray component, does indeed exist. However, this does
not prove that the luminosity in different frequency bands
arises from the same emission component. In the following
sections we test the single component hypothesis by discussing
the ability of various models to reproduce both X-ray and
OUYV data.

3. OBSERVATIONAL DATA

3.1. X-Ray Data

The numerical results of the spectral fitting from Paper I are
given in Table 1. Table 1 lists the soft X-ray monochromatic
luminosities vL, at 0.4 keV and 1 keV (soft component only),
the soft component energy index (F, oc v™5), and 2 keV
monochromatic luminosity (soft plus hard components) for the
quasars in our sample. They are from Paper I and were
obtained by fitting to the PSPC data a two power-law model,
or a power law plus thermal bremsstrahlung model, with low
energy absorption (Ny was limited to values greater than the
Galactic column along the line of sight). The power law plus
thermal bremsstrahlung model gives a fit of quality compara-
ble to the two power-law model in all sources but PG
1426+ 015, where it produces a significantly worse y> (see
Paper I). Errors on the luminosities represent 1 ¢ confidence
intervals for four interesting parameters.

In Paper I we compared the PSPC results concerning the
soft component intensity with those obtained with previous
satellites, finding that they always agree within the errors. In
spite of the low energy resolution of the EXOSAT LE and the
Einstein TPC several authors estimated the shape of the soft
X-ray component in a number of quasars. In particular, Com-
astri et al. (1992) fitted the EXOSAT ME/LE data with a two
power-law model (with Ny fixed to the Galactic value) for a
sample of six quasars, three of which are in common with our
sample. They found a soft component energy index agg of
3.3370:5¢ in PG 1211+143, 3.32%129 in TON 1542 (PG
1229 +204), and 2.66* -3 in PG 1426+ 015. For each source
the EXOSAT indices and PSPC indices in Table I are consis-

TABLE 1
X-RAY OBSERVATIONS

Name vL, (04 keV)*®  vL, {1 keV)® P vL, 2keVy¢ oL, (1325 Ap®
ES
NAB 0205+024*...... 8071173 1.60%2-3 28405 1.07:397
S 5531580 0.7818:38 1182393 22
PG [211+143°........ 246920 0743233 2311 0.56+2:40
T 1.64:37% 025318 062393 0.6
Mrk 205 ..ooeeerrnnnns 1152982 0.31%333 23253 0.92+2:95
P 0.772334 0.12413:18, 0.94+2:2¢ 03
TON 1542¢ ............ 071243 0.135+3:225 24118 0.44+302
R 0417329 0.0053-992 0452237 03
PG 1244+026°........ 0.7223:33 0.22+3:943 23%94 0.088+9:942
2SO 0491016 0.090+3:239 0.099+3:913 02
PG 1426 +015........ 3214343 1691922 18%94 1434942
F FOUTT 2221954 0.1443:313 1563914 07

* Units of 10* ergss™*.

® Soft X-ray component.

°F,ocv™,

4 Total X-ray luminosity.

¢ Two power-law fit.

f Power-law + thermal bremsstrahiung fit.
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tent with each other, within the rather large errors. However,
the EXOSAT best fit spectral indices are in all cases steeper by
Aa ~ 1 than the PSPC best fit indices, and the break energy of
~0.6 keV estimated by Comastri et al. (1992) falis short than
the typical break energy of 1 keV found in Paper I. There could
therefore be a systematic offset between the EXOSAT and the
PSPC measurements. We note that the Comastri et al. indices
were obtained by fitting the data from two distinct experiments
(the ME and the LE). Since the ME starts to be sensitive only
above 1 keV, while the peak of the LE sensitivity is below this
energy, the best-fit parameters could be largely affected by
inaccuracies in the relative calibration of the two instruments.
For example a soft component slope steeper than the actual
one would be easily obtained if, given the same incident spec-
trum, the normalization in the LE were systematically higher
than that in the ME (also see the discussions on the relative
calibration of two instruments in Masnou et al. 1992, and in
Paper I). On the other hand, the energy band and resolution of
the PSPC allow a quite accurate determination of the shape of
the soft component of bright quasars. In Paper I we showed
that calibration uncertainties currently limit this ability and
forced us to adopt very conservative errors on the parameters
describing the soft X-ray component. We remark here that the
offset between the EXOSAT and PSPC results is in all cases
smaller than the statistical + systematic uncertainties.

Masnou et al. (1992) fitted the IPC/MPC data with a broken
power-law model (with Ny fixed to the Galactic value) for a
sample of seven quasars, two of which are in common with the
present sample. For these two quasars they found a low-energy
slope of agg = 2.6 (NAB 0205 +024) and agg = 1.47 (Mrk 205).
These slopes are consistent with the ones obtained from our
analysis (see Table 1).

Saxton et al. (1993) fitted the EXOSAT ME/LE data of a
sample of 12 quasars parameterized the soft excess as a thermal
bremsstrahlung model with a fixed temperature of 0.2 keV,
close to the best fit temperature obtained fitting this model to
the composite spectrum of the six quasars in our sample in
Paper L.

3.2. IR-Optical-UV Data

Table 2 gives the infrared (3 um), optical (5500 A), and UV
(2500 and 1325 A) monochromatic luminosities (vL,). When
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more than one infrared, optical or UV observation is available
we report the maximum and minimum observed luminosities
including errors, the number of observations and their date
span. As a reference we also give in Table 2 the average agy of
these quasars. The mean agx in the sample is 1.47, slightly
lower than the mean value of 1.525 found by Laor et al. (1994)
for a complete sample of optically selected, low-redshift, radio-
quiet quasars (a difference of 0.06 in agx corresponds to a 40%
difference in the optical to X-ray luminosity ratio). When avail-
able, the infrared, optical, and UV luminosities were extracted
from the “Atlas of Quasar Energy Distributions” (Elvis et al.
1994a). Additional optical spectrophotometric data were
included for NAB 0205+024 and PG 1244 + 026 (see below).
The data from TON 1542 include optical data from Neuge-
bauer et al. (1987), IR data from Rudy, Levan, & Rodriguez-
Espinosa (1982), and archival IUE spectra.

The IUE data were corrected for the reduction in the effi-
ciency of the cameras with the time (Bohlin & Grillmar 1988).
Following the procedures in Elvis et al. (1994a), the data were
corrected for reddening, shifted to the rest frame and corrected
for the contribution of the host galaxy using the galaxy tem-
plate given in Table 16 of Elvis et al. (1994a). These authors
showed that the contribution of the host galaxy can be impor-
tant (220%) for M, < —25[vL(5500 A) < 2 x 10**]. Direct
measurements of the host galaxy were used in two cases (NAB
0205+ 024 and PG 1211 + 143). In two cases (Mrk 205 and PG
1426 + 015) we used the H-band luminosity of the host galaxy
in the Elvis et al. sample [log L(H) = 44.633, but note that in
Mrk 205 we modified the upper error bar, so as not to over-
predict the total H-band luminosity]. In the remaining two
cases the observed H-band luminosity is lower than the mean
host galaxy luminosity in Elvis et al. (1994a), and we assumed
therefore that the host galaxy luminosity in these objects is a
little lower than the observed H luminosity. In all cases we
used highly conservative error bars on the host galaxy lumi-
nosity. Table 2 lists the host galaxy normalization in the H
band for each quasar. Mrk 205 was quoted as a “ weak bump
quasar” by McDowell et al. (1989), showing a very steep
optical to UV slope, but this slope turns out to be consistent
with the quasar average slope (f, ~ —0.1) if the contribution
from the host galaxy is close to the mean value in Elvis et al.
(1994a). The errors on the host galaxy luminosity have been

TABLE 2
INFRARED-ULTRAVIOLET OBSERVATIONS
vL (3 pm) vL (5500 A) vL (2500 A) vL (1325 A)
Name Redshift log vL(H)* of Galaxy (No.; Dates) (No.; Dates) (No.; Dates) (No.; Dates) oox®
NAB 0205+024...... 0.155 44.19 + 0.04 94719 8.1-11.5 3341 31+4 1.57
1; 85/9 3; 78/2-91/9 1; 82/12 1; 82/12
PG 1211+ 143........ 0.085 43363393 109-14.7 9.7-16.6 23.4-278 19.1-313 1.64
5; 81/5-88/4 6, 80/6-88/9 2; 85/12-87/2 2; 83/12-85/2
Mrk 205 .......ooeel 0.070 44.6012:L 1.7-4.2 16242 1.8-73 33-6.1 127
3; 76/6-85/6 1;72/5 2; 78/7-83/2 2; 78/7-83/2
TON 1542 ............ 0.064 44481051 31723453 2612933 75+02 102 +03 1.47
1; 81/5 1; 80/11 1; 82/5 1; 82/5
PG 1244+4026........ 0.048 4376131 0392297 0.53-0.92 1.06 £+ 0.05 1.06 + 0.05 141
1; 83/2 2; 7/80-5/91 1;83/2 1; 832
PG 1426+015........ 0.086 4460732 59-121 26-73 223-284 249-428 1.48
5; 81/7-88/5 6; 80/7-88/9 2; 83/2-85/5 2; 83/2-85/5
* Units of 10** ergss™?.
® oy = log [L(2500 A)/L(2 keV)]
x 2.6057

¢ Galaxy subtraction for TON 1542 used the mean values given in Elviset al. 1994: L, = 4%% x 10** ergss™*;r, = 102 kpc.

¢ Galaxy normalization chosen to match the rest frame H luminosity.
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propagated to find the uncertainties on the luminosity at
optical and UV frequencies

Optical spectrophotometry was obtained for two of the
quasars: NAB 0205 + 024 and PG 1244+ 026; on the Multiple
Mirror Telescope (MMT) using the MMT spectrograph and
the red channel on 1991 September 15 and 1991 May 17,
respectively (the PSPC observations of these quasars were per-
formed in 1992 January and 1991 December, respectively). On
both dates conditions were photometric. Two spectra were
obtained, the first through a wide slit (5" x 180") to ensure
photometric accuracy and the second through a narrow slit
(1.5” x 180”) for improved spectral-resolution (~20 A) and
signal-to-noise. The 150 lines mm ™! grating was used yielding
a wavelength range of ~3800-7600 A. The spectra were
reduced in the standard manner using IRAF. The wide-slit
observation was flux calibrated with reference to a nearby
standard star observed sequentially with the quasar. The con-
tinuum shape and level of the narrow-slit spectrum were then
normalized to agree with this flux calibrated spectrum. Contin-
uum fluxes at 5500 A measured from these spectra are present-
ed in Table 2. The spectra will be presented in a later paper.

The errors contain the evaluated uncertainty on all the
above corrections, in addition to the statistical uncertainty. In
the case of the JUE data a further 3% systematic uncertainty is
folded into the errors (Bohlin 1980). The data in different bands
are not simultaneous. Variations of a factor of ~ 2 were record-
ed for these quasars in optical and UV and of a factor of 5 in
X-ray. The uncertainty due to source variability is generally
larger than the quoted (statistical + systematic) errors.

4. MODELING THE INFRARED TO SOFT X-RAY SPECTRAL
ENERGY DISTRIBUTIONS OF QUASARS

4.1. Optically Thin Plasma Models
4.1.1. The Model

Thermal bremsstrahlung at temperatures of 10°-107 K
emitted by an optically thin gas cloud is a candidate mecha-
nism to produce the OUV/soft X-ray bump in quasar spectra
(Barvainis 1993). We calculate the free-free contribution for a
spherical and isothermal cloud assuming that the cloud has
radius (R) and density (n,) consistent with an optical depth less
than 1 (7. = [1(t, + 1.J]"* < 1; where 1, are the free-free
and t,, the electron scattering optical depths). The bremsstrah-
lung luminosity is calculated using (Rybicki & Lightman
1979):

L,=95x 10'38(2 TrRs)nfT'”2

h
X €Xp (— é)grr ergss ! Hz™!,

where g,; is the Gaunt factor calculated using an approx-
imation given by Gronenschild & Mewe (1978).

In the soft X-ray band the free-free emission from the ionized
plasma represents only part of the total emission, since recom-
bination, 2-photon, and line emission from the same plasma
can also be important, depending on the temperature
(Raymond & Smith 1977). We calculated the 2-photon and
recombination continua as in Raymond & Smith (1977). We
do not include line emission in our modeling but we discuss
in the next sections how it can effect the spectral shape and
intensity.

4.1.2. Comparison with the Data

We plot in Figure 2 the 3 ym-~2 keV SEDs of the six quasars,

galaxy subtracted and including only the soft X-ray com-
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FiG. 2—IR to soft X-ray SEDs of the six quasars (after the subtraction of
the galaxy contribution and of the high-energy X-ray power law): NAB
0205+ 024: open triangles; PG 1211+ 143: filled squares; Mrk 205: filled
circles; TON 1542: filled triangles; PG 1244+026: open squares; PG
1426+ 015: open circles. Upper panel. the solid lines represent the free-free
continuum for T = 3 x 10° K and two normalizations; the dashed line rep-
resents the free-free continuum for T = 10° K. Lower panel: the solid line
represents the sum of the continua from an optically thin plasma with T = 10°
K; the short-dashed line is the free-free continuum; the long-dashed line is the
recombination continuum; the dot-dashed line is the two-photon continuum.

ponent. On the upper panel we also plot free-free models, for
T=10% and T =3 x 105 that roughly encompass the
observed SED. On the lower panel we plot the free-free,
2-photon and recombination continua, as well as the sum of
these continua, for T = 10® K. At this temperature free-free
emission dominates the OUV part of the spectrum but the
harder recombination continuum dominates the soft X-ray
part of the spectrum. Note the numerous, rather deep edges
present in the total continuum.

Rather than attempt a formal fit of these models to the data,
we make use of color diagrams to evaluate their flexibility and
to evaluate the range of the parameters for which they are able
to reproduce the data (also see Siemiginowska et al. 1995).

In Figure 3 we plot the soft X-ray color [vL (1 keV)/vL (0.4
keV), soft component only], against the OUV color [vL,(1325
A)/vL (5500 A)] for the six quasars. The soft X-ray color is
calculated using the X-ray monochromatic luminosities in
Table 2. The dotted line with open squares shows the predic-
tions of pure bremsstrahlung models with temperatures in the
range 105-107 K. The additional contribution of recombi-
nation and 2-photon continua would increase by a factor of 6
the continuum at 0.4 keV and by a factor of 30 the continuum
at 1 keV for T = 106 K thus increasing the soft X-ray color by
a factor of 5. For T = 107 K the contribution of recombination
and 2-photon continua would increase the flux at 0.4 keV by a
factor of 1.2 and the flux at 1 keV by a factor of 1.4, thus
increasing the X-ray color by 9%. Filled squares show soft
X-ray color predicted in these two cases.

The bremsstrahlung model can reproduce the observed soft
X-ray color for temperatures in the range 2-5 x 10° K (0.15-

i
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F1G6. 3.—Soft X-ray color [vL (1 keV)/vL (0.4 keV), soft component only],
plotted against the OUYV color [vL (1325 I()/vL,(SSOO A)). Filled and open
circles with error bars identify the six quasars, the dashed error bars indicate
the error resulting from a power law plus free-free fit (Paper I). In these cases
(open circles) (PG 1211 + 143, Mrk 205, and PG 1426 + 015) the quasars have
been observed by JUE more than once and we plot the OUV color obtained
using both the maximum and minimum optical and UV flux. The dotted line
identifies the prediction of a pure free-free model as a function of temperature
with open boxes indicating: 1, 2, 3, 5, 10 x 10° K (soft X-ray color increases
with temperature). The filled boxes indicate the soft X-ray color predicted
including the contribution of 2-photon and recombination continua for
T = 10% and T = 107 K. Dashed lines identify accretion disk models in a Kerr
geometry. Filled hexagons and triangles indicate five disk inclinations, u =
cos 8=1,0.75 05, 0.2, 0.1 (soft X-ray color increases with inclination) with
M = 10°® M, and accretion rates 0.3L;,, and 0.8Lg,,. Open hexagons and
triangles identify disk models with M = 107 M, for the same inclinations and
accretion rates.

0.4 keV). Including the contribution of 2-photon and recombi-
nation continua yields a lower limit of ~1.5 x 10° K on the
temperature. These models can also reproduce the observed
OUY color.

In Table 1 we also list the upper limits on the 1325 A predict-
ed luminosity calculated by extrapolating the best X-ray fit (for
the power-law plus thermal bremsstrahlung model) into the
UYV. Because of the large extrapolation and the uncertainty on
the contribution of the recombination and 2-photon continua
in the X-ray band (which would lower the best fit temperature
and raise the normalization, and hence produce higher UV
luminosity), we assumed as upper limit on the predicted UV
luminosity twice the best fit value. In Figure 4 we plot the
observed 1325 A luminosities versus the predicted ones. When
more than one JUE observation is available we used the small-
est observed 1325 A luminosity. Figure 4 shows that the model
underpredicts the 1325 A luminosity by a factor 3 to 10.

4.1.3. Discussion

Optically thin plasma models can reproduce the observed
soft X-ray color for temperatures in the range 1.5-5 x 106 K
(0.13-0.4 keV). At these temperatures line emission can also be
important in the X-ray band. The main emission lines,
assuming collisional equilibrium, for temperatures 10° < T <
5 x 10% K, are the iron L complex at about 0.9 keV and the O
vi1 and O vt K« lines at 0.57 and 0.65 keV. However, the
ionization state of the soft X-ray emitting gas in quasar nuclei
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is unlikely to be controlled by collisions only, and photoioniza-
tion is likely to be important, especially in the innermost
regions close to the hard X-ray source. This strong radiation
field could reduce the line emission intensities. Recent calcu-
lations by Kriss (1994) show that in the case of plasma in
photoionization equilibrium the O vi and O v Ka lines are
still very strong. Paper I limits the amount of line emission in
the six quasars in the 0.5-1 keV energy range (in most cases
there is a deficit of counts with respect to a power-law model
rather than an excess, see Figs. 1 and 3 in Paper I). It should be
said however that emission features have been seen in the Ein-
stein SSS spectra of some other quasars (Turner et al. 1992). In
particular features, interpreted as oxygen lines in the frame-
work of an ionized absorber model, have been recently seen in
the X-ray spectrum of the Seyfert galaxy NGC 3783 (George,
Turner, & Netzer 1995). The lack of strong emission in the
quasars discussed in this paper argues against emission from
isothermal optically thin ionized gas as the main contributor
to the soft X-ray spectrum of these sources (see Paper I, §§ 3.5
and 3.6), unless the soft X-ray emission lines are optically thick
while the continuum is optically thin. Since at temperatures of
interest (T < 107 K) most of the cooling is in the emission lines,
this requires high plasma densities. In some free-free models
the assumed gas density is very high (~10'* cm~3, case 2 in
Barvainis 1993). Whether such a density is high enough to
suppress line emission efficiently should be investigated in
detail.

Optically thin plasma models predict OUV colors consistent
with the observed ones (taking into account the large uncer-
tainties due to source variability and the fact that the observa-
tions were not simultaneous). This color, however, is not very
sensitive to temperature for T 2 5 x 10° K, i.e., in the range
for which the models can explain the soft X-ray color (~15%
change in the OUYV color). Therefore, these models would not
be able to produce the soft X-ray color higher than ~0.001
and at the same time give a spread in the OUV color. Detect-
ing, through simultaneous observations in optical and UV, a
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large spread in the OUYV color in a sample of quasars with
strong soft excesses and soft X-ray color higher than ~0.001
would therefore be a critical test for the single-temperature
free-free models.

The best-fit power-law plus free-free models to the PSPC
data underpredicts the UV luminosity of the six quasars. The
reason is that the fit forces a high temperature, locating the
maximum of the emission in the soft X-ray, while the highest
luminosities are actually observed in the UV band. Fitting the
X-ray data with the power-law plus free-free model while
requiring that the predicted 1325 A luminosity matches the
observed value, yields ¥2 much worse than in the previous
cases (by Ax? = 20 to 100) and temperatures between 0.05 and
0.13 keV (the best fit temperature in the fits with free thermal
component normalization is between 0.15 and 0.3 keV in all
cases). As mentioned before, for T < 107 K the contribution of
the recombination continuum would significantly harden the
spectrum, but still not enough to explain the soft X-ray color
for the temperatures which would fit the OUV part of the
spectrum.

In summary, the single temperature optically thin plasma
models are probably too simple to explain both the OUV and
soft X-ray component of these quasars simultaneously. The
strong constraints posed by the present data could be relaxed
by dropping the hypothesis that the OUV and soft X-ray emis-
sion are dominated by a single component. Optically thin
plasma at increasing temperatures could dominate the optical
to soft X-ray quasar SED. This conclusion is somewhat ironic,
since one of the most celebrated results of optically thin plasma
models for the quasar blue bump (see, e.g.,, Barvainis 1993) is
the natural explanation of the simultaneous variations at dif-
ferent wavelength, observed in a few, typically low-luminosity
(Lys < 10** ergs s~') quasars, due to a single physical com-
ponent dominating the OUV emission.

Different frequencies dominated by components at different
temperature is the distinguishing feature of another large class
of models: the accretion disk models, which we discuss in turn.

4.2. Accretion Disk Models
4.2.1. The Models

We consider emission from a geometrically thin accretion
disk (outer radius of 1000 Schwarzschild radii) around a super-
massive (10°-10% M) black hole with accretion rates () cor-
responding to 0.01-0.08Lg,, (the Eddington luminosity),
assuming that the locally generated flux is emitted in the verti-
cal direction only. Laor & Netzer(1989) pointed out that this
assumption could be unsafe for sz > 0.3. In fact, for such high
accretion rates disks become slim (Abramowicz et al. 1988),
and additional cooling processes should be included (advective
transport of energy in the radial direction. However, Szuszkie-
wicz et al. (1995) show that the spectra of thin and slim accre-
tion disks differ significantly only when accretion rates are
much higher than the critical one. We limited ourselves to the
sub-Eddington regime only. The error introduced using our
approach instead of the above more detailed calculations for
1 > 0.3 should be smaller than all other uncertainties present
in the analysis.

The efficiency of converting the potential energy into radi-
ation is assumed to be equal to 0.08 for a nonrotating
(Schwarzschild) and to 0.324 (Laor & Netzer 1989) for a maxi-
mally rotating (Kerr) black hole. Equations for the disk struc-
ture are taken from Novikov & Thorne (1973) and Page &
Thorne (1974). We calculated the spectrum using the method
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described by Czerny & Elvis (1987, taking into account com-
ments of Maraschi & Molendi 1988; see also Czerny 1993)
which includes electron scattering and Comptonization. For
disk temperatures less than 10° K free-bound transitions are
important and the electron scattering and Compton effects are
correspondingly less significant. It is difficult to estimate this
contribution, since free-bound opacities depend on the ioniza-
tion state of matter and on a large number of transitions of
many different ions. Ross et al. (1992) calculated spectra
emitted by a radiation-dominated disk (in the Schwarzschild
geometry) including free-bound processes from hydrogen and
helium. However, at high frequencies, free-bound opacities
from metals may be more important and may influence the
final spectra strongly and should be taken into account. This
has not been accomplished yet. Since we are interested in the
general shape of the soft X-ray spectra we use the free-bound
approximation of Maraschi & Molendi (1988). For rotating
black holes we use the general relativistic transfer function of
Laor, Netzer, & Piran (1990).

Pure accretion disk models in a Schwarzschild geometry
systematically underpredict the soft X-ray emission for amy
choice of parameters that reproduces the OUV observed lumi-
nosity so we will no longer consider these models.

We consider also two modifications of the pure accretion
disk model, namely inclusion of an underlying power law, and
inclusion of a hot corona above the disk (Czerny & Elvis 1987).

4.2.1.1. AnIR-to-X-Ray Underlying Power Law

It is well known that accretion disk models are falling too
steeply to long wavelengths in the optical region. Many pre-
vious modeling attempts (Malkan & Sargent 1982; Sun &
Malkan 1989; Laor 1990) have invoked an additional com-
ponent in the form of an “underlying power law ™ that props
up the disk flux in the optical and extends into the IR beneath
the lumps clearly due to thermal dust emission (Clavel, Wam-
steker, & Glass 1989; Barvainis 1992). The normalization of
this power law would be such that it extrapolates quite well
into the X-ray region (Carleton et al. 1987; Elvis et al. 1986).

Independent evidence for such a power law is weak and even
contradictory (see McAlary & Rieke 1988; Green, Anderson,
& Ward 1992) and in at least one quasar (NGC 4051, Done et
al. 1990) there is a strong evidence against a power-law com-
ponent representing the majority of the emission in IR and
X-rays (even if the IR-to-X-ray SED of NGC 4051 actually
resembles a power law, see Fig. 6 in Done et al. 1990). Never-
theless, since we need additional flux in both the optical and
the soft X-ray bands, the minimal assumption is to add the
same component to each, and the simplest form to assume is a
power law. This adds two additional parameters (slope and
normalization of the power-law), but because the model
cannot overpredict either the 3 yum or hard X-ray luminosities
it is also more constrained than a simple disk model, and so
has predictive power.

4.2.1.2. Comptonization in a Corona above the Disk

A hot corona above a relatively cool accretion disk has
been discussed by many authors (e.g, Liang & Price 1977,
Begelman, McKee, & Shields 1983; Begelman & McKee 1983;
White & Lightman 1989). The vertical thickness of the corona
is small compared to its horizontal dimension. The corona is
optically thin (z., < 0.8) and has a high temperature (T,
10-50 keV) compared to that of the photons emitted by the
disk. These photons are upscattered by the hot electrons, and
the primary disk emission is modified in that a power law is
produced at frequencies v, € v < kT,,,/h (with an exponential
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tail ~v3 exp (—hv/kT,,) for v > kT, /h; Sunyaev & Titarchuk
1985; Gorecki & Wilczewski 1984; Zdziarski 1985). In the
above expression v, is the typical frequency of the soft photons.
We follow the simplified description of the process given by
Sikora & Zbyszewska (1986) (see also Czerny & Zbyszewska
1991) in the Schwarzschild geometry to find the modified
OUV-to-soft-X-ray disk spectrum.

The energy index of the power law of the Comptonized spec-
trum depends on the optical depth, temperature and geometry
of the corona (Sunyaev & Titarchuk 1985). In Figure 5 we plot
the energy index of the power law of the Comptonized spec-
trum as a function of the corona temperature for three values
of 7.,. The temperature dependence is rapid: for kT, = 50 keV
7., = 0.25 and 0.5 the power-law energy index is 2.0 and 1.5,
respectively. When kT, = 10 keV and 7, = 0.5 the power-law
energy index is about 5. Corona models with low 1., and
kT, < 50 keV cannot explain the hard (2-10 keV) spectrum of
quasars, but only that below 2 keV. The hard X-ray spec-
trum requires high 7., and high temperatures.

42.2. Comparison with the Data

Disk models in a Kerr geometry for two choices of black
hole masses (10’ My and 10® M), accretion rates (Fig. 6a;
# = 0.1, 0.8) and inclination angles (Fig. 6b; u = cos § = 0.25,
1) are compared with the six quasar SED in Figure 6. The
models roughly encompass the observed SED.

In Figure 3 we plot the predicted soft X-ray and OUYV colors
for four families of the Kerr disk models spanning a typical
range of parameters. Pure Kerr disk models cannot reproduce
OUV color for the range of parameters for which they can
match the observed soft X-ray color (with the exception of PG
1426 +015): they are too “blue” Only high inclination
(u = 0.25), high accretion rate (1 = 0.8) models can reproduce
the observed soft X-ray color.
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Fic. 5—Spectral energy index of Comptonized spectrum in the corona
model as a function of the temperature for three values of the optical depth.

In Figure 7 we plot the 0.4 keV soft X-ray component lu-
minosity as a function of the 1325 A luminosity for pure Kerr
disk models. The M = 107 M, models underpredict the 1325
A luminosity. The M = 108 M models that could account for
the soft X-ray color tend to overpredict the soft X-ray lumi-
nosity.

We study the effects of the inclusion of an underlying power
law from IR to X-rays by using again the soft X-ray and the
OUV colors. Figure 8 shows these colors with a set of models
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F16. 6—IR to soft X-ray SEDs of the six quasars (after the subtraction of the galaxy contribution and of the high-energy X-ray power law): NAB 0205 +024:
open triangles; PG 1211 + 143: filled squares; Mrk 205: filled circles; TON 1542: filled triangles; PG 1244 +026: open squares; PG 1426 +015: open circles. Solid lines
in (a) represent accretion disk models in a Kerr geometry with M = 10® M, inclination y = 0.5, and two accretion rates (1 = 0.1, 0.8). Dashed lines identify Kerr
disk models with M = 107 M, for the same accretion rates and inclinations. Solid lines in (b) represents Kerr disk models with M = 10° M, accretion rate 0.8 the
critical one and three disk inclinations, u = 1,0.5,0.2. Dashed lines identify disk models with M = 107 M, for the same accretion rates and inclinations.
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FiG. 7—0.4 keV luminosity plotted against the 1325 A luminosity. Filled
hexagons and triangles identify accretion disk models in a Kerr geometry with
M =10% My, m =03, 08, and five disk inclinations from u =1 to u = 0.1.
Open hexagons and triangles identify disk models with M = 107 M, for the
same accretion rates and inclinations.

for two black hole masses (107 Mg and 10® M), i = 0.3 and
u = 0.5, a;px = 1.25 and three normalizations of the power-law
component. The model can reproduce both the soft X-ray and
the OUYV colors with typical disk parameters. The 3 ym lumi-
nosity predicted by the above models is within the observed
range (Fig. 9). Finally in Figure 10 we plot the 0.4 keV soft
X-ray component luminosity as a function of the 1325 A lumi-
nosity. Also here in most cases the predicted luminosity match
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FiG. 8.—Soft X-ray color plotted against the OUYV color as in Fig. 3. Filled
triangles identify disk plus power-law models with M = 10° M, i = 0.3, disk
inclination g = 0.5, and three values of the power-law normalization. The
power-law spectral index is fixed at 1.25. Open triangles identify disk models
with M = 10' M o for the same accretion rate, inclination, power-law spectral
index and normalizations as in the previous case.
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FiG. 9—Soft X-ray color plotted against the 3 um luminosity. Filled tri-
angles identify disk plus power-law models with M = 10° M, m = 0.3, disk
inclination u = 0.5, and three values of the power law normalization. The
power-law energy index is fixed at 1.25. Open triangles identify disk models
with M = 107 M, for the same accretion rate, inclination, and power-law
slope and normalizations as in the previous case.

that observed. We stress again that these models make use of a
fixed accretion rate and a fixed inclination.

To study the effects of the inclusion of a hot corona we use
the soft X-ray and OUV colors. These are plotted in Figure 11
along with the expectation of accretion disk plus corona
models for two black hole masses, three accretion rates, 0.1,
0.3, and 0.8m, T, = 10-50 keV and 7. = 0.25-0.5. These
models are able to reproduce the observed soft X-ray and
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Fi6. 10—0.4 keV luminosity plotted against the 1325 A luminosity. Filled
triangles identify disk plus power-law models with M = 10° Mg, i = 0.3, disk
inclination g = 0.5, and three values of the power-law normalization. The
power-law slope is fixed at 1.25. Open triangles identify disk models with
M = 107 M, for the same accretion rate, inclination, and power law slope and
normalizations as in the previous case.
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F1G. 11.—Soft X-ray color plotted against the OUV color as in Fig. 3.
Filled hexagons identify accretion disk models in a Schwarzschild geometry
with a hot corona with parameters: M = 10° Mg, m=0.1,03, 08 kT=50
keV, and 7 =0.5. Filled squares identify models with kT = 50 keV and
7 =0.25 and filled triangles models with kT = 10 keV and z = 0.5. Open
symbols identify the same models but with M = 107 M. Higher accretion
rates result in a higher UV to optical color.

OUY colors but they introduce two additional parameters
with respect to the pure disk models.

4.2.3. Discussion

Accretion disk models have been widely used in the past to
model the quasar blue bump. In spite of their popularity a
clear proof that the majority of the OUV emission in the blue
bump actually originates from a disk is still lacking. On the
one hand there is both theoretical (e.g., Czerny 1993) and ob-
servational (e.g., double-peaked Ha lines in radio-galaxies,
Eracleous & Halpern 1994; the broad iron K« lines reportedly
seen by ASCA in a number of Seyfert 1 galaxies, Mushotzky et
al. 1995; especially the double-peaked iron K« line in MCG
—5-23-16 reported by Weaver 1995) support to the idea that
disks do exist in the innermost regions of quasars. On the other
hand the UV spectra of quasars do not show characteristic
signatures predicted by simple accretion disk models (e.g., the
review of Kinney 1994).

We find that pure accretion disk models are not able to
reproduce the observed optical-to-soft-X-ray SED for the blue
bump and soft X-ray component simultaneously. Even to fit
just three points (the luminosity at 1325 A 0.4 and 1 keV), some
fine tuning seems unavoidable. Furthermore the range of
parameters which give reasonable predictions is particularly
narrow and extreme: high inclination, high accretion rate, and
a black hole mass ~ 108 M. The reason for this apparent lack
of flexibility of Kerr disk models is that to account for the
strength and shape of the soft X-ray component the luminosity
of the spectrum must peak in the soft X-ray region rather than
a decade lower ~10'® Hz as the data suggest. On the other
hand, pure accretion disk models capable of reproducing the
observed quasar UV luminosity are steeper in the soft X-ray
region than the observed spectra.

Adding an IR-to-X-ray power law to the disk models readily
produces colors and luminosities in the observed range of
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soft-X-ray and OUV simultaneously. Furthermore this com-
bination does not violate the 3 um or hard X-ray constraints.
This success certainly does not prove the existence of an under-
lying power law, but does raise the possibility of its existence
again.

A more physically based additional component is a hot
corona above the disk. The inclusion of this component, not
surprisingly, help in hardening the spectra and in reproducing
the soft X-ray color and luminosity.

Recently, Haardt & Maraschi (1993) presented a model for
the X-ray spectrum of quasars based on Comptonization of
soft photons by a population of thermal electrons in a hot
corona above a layer of cold reflecting matter. Their models
reproduce well the 2-10 keV spectrum of radio-quiet quasars,
as well as the sharp steepening above ~ 50-100 keV found by
SIGMA, OSSE, and ASCA in the spectra of a number of
quasars (Jourdain et al. 1992; Maisack et al. 1993; Cameron et
al. 1993; Elvis et al. 1994b). The soft X-ray spectrum, as
inferred from Figures 4 and 5 in Haardt & Maraschi (1993),
breaks sharply around a characteristic energy that depends
mainly on the temperature of the cold reflecting layer, which in
turn depends on the physical parameters of the system (the
mass of the central object, the size of the emitting region, and
the luminosity in units of Lg,,). For a black hole mass of 10°
Mg, L = Ly, and a size for the X-ray emitting region of 7Rg,
the temperature is ~50 eV and the break energy is around 1
keV. The slopes below and above the break energy depend on
the temperature of the corona, its optical depth and the incli-
nation of the system to the line of sight. For low optical depth
(7 = 0.01) the Aa; between the soft and hard slopes is very large
for any inclination: it is large (5-6) for face on systems and
reduces to zero in the case of 1 =0.2 and nearly edge-on
systems. Our analysis (see Paper I) suggests a break energy at 1
keV and a Aag = 0.5-1. To reproduce our observations the
Haardt and Maraschi models would then require a small black
hole mass and a peculiar inclination. It appears therefore that
these models suffer from problems similar to those of pure disk
models.

Another possible mechanism for hardening the soft X-ray
spectrum from an accretion disk is via irradiation of its surface
by an external X-ray source. Irradiation of the disk not only
modifies the ionization state of the disk surface and produces
an additional soft X-ray component (Ross & Fabian 1993;
Matt, Fabian, & Ross 1993; Zycki et al. 1994), but also affects
the vertical structure of the disk. In addition, the outer parts of
the disk will also be influenced by external irradiation (by the
X-rays and by the UV spectrum generated at small radii, if the
fractional disk thickness increases outward and/or if relativistic
deflection of the light is important, as in disks around a rotat-
ing black hole (Cunningham 1976). This may modify the OUV
slope (Malkan 1991), and irradiation may be the cause for the
flattening of the spectrum in the OUV band with respect to

" “pure disk models and of the wide range of observed OUV

slopes.

Ross & Fabian calculated the reflection spectrum from a
slab of gas at R = 7Rg under the assumption that the illumi-
nating hard X-ray flux is equal to the soft flux locally produced
in the slab. They found that the ionization parameter of the gas
determines the emerging X-ray spectrum. In their model the
ionization parameter & is directly linked to the accretion rate
(¢ oc m?). Most recently Matt et al. (1993) generalized this
approach calculating the UV and X-ray spectrum from an
accretion disk illuminated by a central X-ray source. In the
models of Ross & Fabian the spectrum flattens by about
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Aog = 0.4 from the 0.3-2 keV region to the 2-20 keV region,
for 0.15 < f < 0.3 and for a black hole mass of 10%-10° M. A
similar result is inferred from Figures 4 and 12 in Matt et al.
(1993) for an illuminated accretion disk in a Schwarzschild
geometry with a black hole mass of 10° M, and rh < 0.4.

The average PSPC spectral index of low optical luminosity
(Mp > —23), radio-quiet quasars without strong absorption
(28 objects in the Walter & Fink 1993 sample) is 1.44, which
implies a Axg with respect to the 2-10 keV spectrum similar to
that predicted by Ross and Fabian. On the other hand in the
same sample the average spectral index of the radio-quiet
quasars with My < —23 (17 objects) is 1.64 (similar to the
average slope of the radio-quiet quasars in Laor et al. 1994),
steeper than in lower optical luminosity sources. Furthermore,
in 30% of these objects and in half of the sources of the sample
presented in this paper a; > 2 (e.g, NAB 0205+025, PG
1211+ 143, PG 1244 + 026, sec Paper I). If the 2-10 keV spec-
trum of these quasars has a slope close to the mean Ginga slope
in Williams et al. (1992), then a Axg ~ 1 is implied, significantly
larger than predicted by reflection. The reason is that the inte-
grated intensity of the reflected spectrum in the soft X-ray band
cannot be much greater than the intensity of the ionizing X-ray
continuum at the same energies (unless the X-ray source is
obscured in part, or strongly beamed toward the disk). Reflec-
tion might account for the soft component of low optical lumi-
nosity quasar, but probably it does not dominate the soft
component of the high optical luminosity quasars in the
sample presented in this paper. The luminosity locally gener-
ated (not reprocessed) is likely to be a non-negligible part of the
total soft X-ray luminosity in these sources. PSPC calibration
uncertainties presently limit the strength of this result.

5. CONCLUSIONS

‘We have compared the observed OUY to soft X-ray SED, of
six, radio-quiet, low-redshift quasars with the predictions of
several competing models. Our main results are as follows:

1. Isothermal optically thin continuum emission from an
ionized plasma cannot explain simultaneously the soft X-ray
color and the luminosity in the optical and UV of the six
quasars. A distribution of temperatures would help in relaxing
the strong constraints posed by the present data. While this is
not inconceivable, this assumption is not justified by the model
itself but represents an “ a posteriori ” tuning.

2. On the other hand, accretion disk models naturaily
predict that components at different temperature dominate dif-
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ferent frequencies. However, we find that pure disk models,
even in a Kerr geometry, cannot account for the observed
OUYV and soft X-ray colors and luminosities. The rather flat
soft X-ray component slope found by the PSPC requires high
inclinations and high accretion rates, which in turn overesti-
mate the soft X-ray luminosity, when producing the correct
UV luminosity.

3. The soft X-ray color can be explained if the soft X-ray
emission is dominated by an additional component. The
assumption of an underlying power law component extending
from the infrared (3 um) to the X-ray, can explain both the
OUYV and, soft X-ray colors and luminosities, while it does not
overpredict the observed 3 ym luminosity. The presence of an
optically thin hot (T 50 keV) corona around the accretion
disk can explain the soft X-ray color and luminosity.

4. A promising physical model is one involving reflection
from an ionized accretion disk. This might explain the
observed soft X-ray spectrum and luminosity of quasars with a
soft X-ray component not much stronger than the primary
component. However, it cannot readily explain the large soft
excesses found in at least half of the quasars in this sample.

The present analysis, and the absence of strong line features
in the PSPC spectra noted in Paper I, argue against single-
temperature, solar metal abundance, optically thin emission as
the only contributor to the OUV-to-soft-X-ray SED of the
quasars in the sample presented in this paper. Pure disk
models also fail to describe the quasar SED. While modifi-
cations of both optically thin plasma models and pure disk
models might account for the observed SED, we do not find
any strong evidence that the OUV bump and the soft X-ray
emission are one and the same component, and that this
component is thermal in origin. The observed SED could be
produced by different components dominating different wave-
lengths, or by nonthermal emission mechanisms.
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NAGS5-1872, NAGS5-1883 and NAGS5-1536 (ROSAT), and
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ABSTRACT

3C 351 (z = 0.371), an X-ray-*quiet ™ quasar, is one of the few quasars showing signs of a “ warm absorber”
in its X-ray spectrum; ie., partially ionized absorbing material in the line of sight whose opacity depends on
its ionization structure. The main feature in the X-ray spectrum is a K-edge due to O vii or O vir. 3C 351
also shows unusually strong, blueshifted, associated, absorption lines in the ultraviolet (Bahcall et al. 1993)
including O v1 (441031, 1037). This high ionization state strongly suggests an identification with the X-ray
absorber and a site within the active nucleus.

In this paper we demonstrate that the X-ray and UV absorption is due to the same material. This is the
first confirmed UV/X-ray absorber. Physical conditions of the absorber are determined through the com-
bination of constraints derived from both the X-ray and UV analysis. This highly ionized, outflowing, low-
density, high-column density absorber situated outside the broad emission line region (BELR) is a previously
unknown component of nuclear material.

We rule out the identification of the absorber with a BELR cloud as the physical conditions in the two
regions are inconsistent with one another. The effect of the X-ray quietness and IR upturn in the 3C 351
continuum on the BELR is also investigated. The strengths of the high-ionization lines of C 1v 41549 and
O vI 11034 with respect to Lya are systematically lower (up to a factor of 10) in the material ionized by the
3C 351 continuum as compared to those produced by the “standard” quasar continuum, the strongest effect

being on the strength of O vi 41034, We find that for a 3C 351-like continuum, C m] 11909 ceases to be a

density indicator. .

Subject headings: quasars: absorption lines — quasars: individual (3C 351) — uitraviolet: galaxies —

X-rays: galaxies

1. INTRODUCTION

A minority of AGNs show optical and ultraviolet absorp-
tion lines within the profiles of their broad emission lines
(Ulrich 1988). While this ionized absorbing material must be
associated with the active nucleus, there is no accepted model
for it (see, e.g., Kolman et al. 1993). Similarly, many AGN5,
mostly Seyfert galaxies exhibit strong low-energy X-ray cutoffs
{e.g., Turner & Pounds 1989) due to “cold” material in their
nuclei, also with no accepted identification. The possibility of
linking these two types of absorbers has not seemed promising
to date (Ulrich 1988). However, recent observations of X-ray
jionized (“ warm ) absorbers promise to change this situation,
3C 351 provides a particularly good opportunity.

3C 351 (z = 0.371) is one of the few quasars showing signs of
a warm absorber in its X-ray spectrum; i.e., a partially ionized
absorbing material in the line of sight whose opacity depends
on its ionization structure (Fiore et al. 1993, hereafter Paper I).
The main feature in the X-ray spectrum is a K-edge due to
O vi or O vin. 3C 351 also shows unusually strong, associ-
ated, absorption lines in the ultraviolet (Bahcall et al. 1993)
including O v1 (141031, 1037), strongly suggesting an identifi-
cation with the X-ray absorber, and a site within the active
nucleus.

In this paper we search for, and find, a model for the
absorber which is consistent with both the X-ray and UV data.
We reanalyze the X-ray and UV data with this aim in mind
(§ 2). In order to produce self-consistent models, we find that
use of the observed (ionizing) continuum of 3C 351, rather than
a generic quasar continuum is critical (§ 4). We find that the

! Internet: smita(@ cfa.harvard.edu.
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UV absorption-line clouds (§ 3), but not the broad emission
line region (BELR) clouds (§ 4), can cause the X-ray absorp-
tion. We derive the physical characteristics of this outflowing
material (§ 3) and consider why a previous similar attempt to
identify an X-ray absorber with a strong UV absorber in a
different AGN was not successful (§ 5).

2. X-RAY, ULTRAVIOLET, AND OPTICAL DATA

2.1. X-Ray Spectrum

The details of the X-ray observations, extraction of the
source pulse height spectrum, and its analysis are presented in
Paper I. This analysis concludes that an ijonized (*warm”)
absorber is present, whose dominant feature is a strong O vi/
O v absorption edge. The inferred parameters of the best-fit
X-ray spectrum (the total column density Ny and the ioniza-
tion parameter U, defined as the dimensionless ratio of ion-
izing photon to baryon density) depend critically on the
assumed ionizing continuum which in Paper I was assumed to
be a simple power law between 10 um and 5 MeV. To investi-
gate the extent of this dependence, we refitted the X-ray spec-
trum using the observed 3C 351 continuum (§ 2.3) to ionize the
absorber. Since the shape of the continuum in the extreme
ultraviolet is unknown, a broken power-law model was used
with the break energy varied from the unobserved EUV range
to well within the PSPC range: 0.07 keV, 0.37 keV, and 0.7
keV. The slope (f, o« v~ %) in the soft energy range («,) was fixed
by the observed flux in the UV at one end and the break energy
at the other. The slope, «,, above the break energy was fixed at
1, typical for lobe-dominated, radio-loud quasars (Shastri et al.
1993). The resulting parameters are given in Table 1. The best-
fit spectrum, folded through the instrument response and com-
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TABLE |
ROSAT Two-Power-Law SPECTRAL FITS

b

Break Energy o, o, "
(Fixed) (Fixed) x** (1022cm~?)

(keV) (Fixed) log U®
007 oo 47 1 2473 1823%  1.08+042
037, 2.45 1 2082 14403 083:31
% A 2.16 1 3166  10°0% 00432,

* For 21 degrees of freedom.
® Errors are | o for 2 degrees of freedom.

pared with the data, is shown in Figure 1. The fits gave
x? = 24.7,29.8, and 31.7, respectively, for the three models for
27 degrees of freedom. A x* of 31.7 is unacceptably large
(probability of 25%) so a break at a lower energy (0.37 keV or
less) is preferred. The difference in the break energy in the two
acceptable models results in a factor of two differences in the
best fit values of the absorbing column density (Ny = 1-2
x 1022 atoms cm ™ ?), and in the ionization parameter U of the
warm absorber (log U = 0.78-1.08). The best-fit ionization
parameter differs by a factor of ~30 from that for a single
power law (log U = —1 to —0.7), while the column density is
similar (Ny = 1-4 x 10?2 atoms cm ™ 2) (Paper I).

2.2. Ultraviolet and Optical Spectra

3C 351 was also observed by HST as a part of the Quasar
Absorption Lines Key Project (Bahcall et al. 1993). By a fortu-
nate coincidence, the HST ultraviolet observations were quasi-
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F1G. |.—The best-fit X-ray spectrum. The data plus the folded model
(Eprea = 0.37 keV, Ny = 1.4 x 10?2 em~2, U = 6.7) are shown in the top
panel; residuals after subtracting the best-fit model are shown in the lower two
panels.
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simultaneous with the X-ray observations (ROSAT: 1991
October 28-30; HST: 1991 October 22). The spectra were
obtained from the HST archive and analyzed using IRAF. An
unusually strong metal line absorption system (Figs. 2a-2d) is
observed at z = 0.3646 (Bahcall et al. 1993) and contains the
high ionization doublets of O v1i, N v, and C v and the Lyman
series Lya, LyB, Lyy (blended with another Lya line at
z = 0.092), and Lyd. Bahcall et al. (1993) suggested that an
associated cluster of galaxies is responsible for the UV
absorber. However, a deep image of this field (Ellingson et al,
1994) shows that there are no associated galaxies. We conclude
that the UV absorber is associated with the quasar itself.

Table 2 lists the equivalent widths (EW), and full width at
half-maximum (FWHM), of the absorption lines in the
z = 0.3646 system given by Bahcall et al. with the exception of
C1vand N v which we remeasured. The automatic algorithm
used by Bahcall et al. to identify the absorption lines finds a
weak C 1v doublet at 2112.8 and 2116.6 A (EW = 0.26 A and
0.12 A, respectively) but leaves the strong (EW = 3.09 A),
broad (FWHM = 8.58 A) line at 2114.5 A unidentified. Inspec-
tion of the spectrum (Fig. 2¢) shows that the C 1v absorption
doublet is not clearly resolved, which is not surprising given
the typical FWHM (3-4 A) of the absorption lines in this
system. If we assume that the whole absorption for this broad
system (FWHM = 8.58 A) at 2114 A is due to an unresolved
C 1v blend (1549.1 A), the redshift is then 0.3646, in agreement
with the rest of the system. We use this larger EW in our
modeling.

Measurements of absorption lines embedded in a quasar’s
strong emission lines are prone to large uncertainties since
their “continuum ” is actually the unknown profile of an emis-
sion line. This can be seen in Figure 2 where the associated
absorber covers most of the blue wing of both O vi and C 1v
emission lines. For the N v absorption doublet, situated in the
blue wing of N v and red wing of Lya, the problem is even
greater. The published values of the N v (141238, 1242)
absorption line EWs are 1.60 A and 1.63 A using a continuum
defined by a cubic spline fit to a number of discrete continuum
points (Schneider et al. 1993). As can be seen in Figure 2, the
resulting Lya emission line profile is symmetric allowing for
little or no N v emission. We measured the N v absorption
using several plausible continuum levels and conclude ~40%

TABLE 2
UV EMISSION AND z = 0.3646 ABSORPTION-LINE PARAMETERS

Line s EW,,.* FWHM
Identification A (A) A
A. Absorption®
Cvil549 ... 2113 3.09 8.58
NvAil238 .oiiriieniieeen 1690.74 1.60° 322
NvAI242 .., 1695.67 1.63° 3.4
) 57 P 1658.92 3.54¢ 446
OviA1031 .....oooiieninn.a., 1408.34 273 3.09
[0 2 /3 11 x i A 1416.39 1.99 2.85
B. Emission

Cm]Al909 ..ol 2614.6 18.5 250
Cival549 ..., 2121.98 68.2 322
Lya/NV..ooiiiiiiinnieiannn, 1664.11 60.5 31.6
Owvri21031,1037 ............. 1426.14 6.8 230

* From Bahcall et al. 1993 except for the uncertainties in EWs.
® Uncertainties are ~ 10% except where noted.
¢ Uncertainties are estimated to be ~40%.
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Fi16. 2—The HST UV spectrum: (a) O vi, (b) Lya/N v, (c) C 1v, (d) C ). Flux is in the units of 107 4 ergs s~! cm ™2 A~!. The dotted line is the continuum
defined in Bahcall et al. (1993). The prominent emission lines are labeled. The absorption lines in z = 0.3646 system are marked above the spectrum, and the Galactic
absorption lines are marked below the spectrum.

uncertainties which we take into account in our modeling. A
similar level of uncertainty was deduced for the Lyx absorption
line (z = 0.3646) due to blending with another Lyx absorption
line (z = 0.3621) and the highly uncertain biue wing of the Lya

profile.

The FWHM of these absorption lines in the z = 0.3646
system ranges from 2.08 A to 6.26 A (rest frame). This implies a
maximum value of the velocity spread parameter “b™ to be
< 600—1200 km 5~ ! (see § 4 for further details).

be made. The emission line fluxes were corrected for the
absorption-line systems using the EWs in Table 2.

3C 351 was also observed in the ultraviolet by IUE. Kinney
et al. (1991) have published an optimally extracted, “co-

added” spectrum of 3C 351. As a consistency check, the co-

No lines from the low-ionization ions of C1, N, N1, O 1,

Sim, Al 1, and Fe i are present (equivalent widths <0.4 A)
(Bahcall et al. 1993). Also, ground-based observations by
Boiss¢ et al. (1992) show no z = 0.3646 Mg n absorption
doublet, giving an upper limit of 0.1 A to its equivalent width.
Bahcall et al. (1993) do not report emission-line strengths. In
order to see whether the high-ionization emission-line clouds
could produce the X-ray absorption, equivalent widths and
fluxes were measured for lines of Lyman-«, C 1v 11549, C ]
41909, and O v1 11034 using local continuum estimates, and
the results are given in Table 2. As discussed above, the spec-

tral lines show strong absorption features. Lyman-a is also vicinity.

blended with emission lines of Si 1 11260 and N v 11240, and
the Si i1 11537, Ne v 41575 features cannot be separated from
the C 1v 11549 emission line. Apart from N v 11240, which is a
strong contaminant, these lines are weak and are not expected
to exceed ~ 10% of the line. In all cases the weaker lines were
included in the line strengths predicted by photoionization
models so that a proper comparison with observed lines could

added spectrum of 3C 351 was obtained from the IUE archive
and analyzed to measure the strengths of the emission lines.
The equivalent widths of the lines were found to be consistent
with those measured from the HST spectra.

2.3. Observed Energy Distribution of 3C 351

The thermal and ionization structure of a photoionized gas
cloud is dependent on the strength and shape of the complete
millimeter—X-ray incident continuum. Most photoionization
studies to date have used a standard continuum shape (e.g.,
Mathews & Ferland 1987), neglecting this as a variable, due to
the general lack of good continuum observations. However, 3C
351 has a well-observed radio—X-ray continuum which is sig-
nificantly different from the standard continuum, allowing us
to carry out more realistic modeling of photoionized gas in its

Figure 3 shows the observed continuum of 3C 351 (solid line;
data from Elvis et al. 1994). The X-ray slope a (f, «c v~ %) is not
well constrained due to the presence of the ionized absorber.
We use two extreme values of « for radio loud quasars (0.0, 1.0)
(Wilkes & Elvis 1987) to investigate its effect on the resulting
emission line strengths (Fig. 3). We have extrapolated our best-
fit spectrum into the submillimeter region with a = —5/2
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FiG. 3—The 3C 351 (PG 1704 + 608) continuum. Solid line: the best-fit
continuum; dashed line: “standard” continuum; and dotted line: average
X-ray continuum for radio-loud quasars. The bow shows our adopted limits to
the X-ray slope « (see text).

(appropriate for synchrotron self-absorption) and the core
radio component is smoothly joined onto it. The exact point
when the two components join is not well defined but small
differences here do not change our results significantly. The
short dashed line is the AGN continuum defined in CLOUDY
(Ferland 1991) which we shall call the “standard continuum.”
This standard continuum is similar to that used by Mathews &
Ferland (1987) with the exception that the spectral index is
changed from —1 to —5/2 for frequencies below the millimeter
break. The dotted line shows the average X-ray continuum for
the radio-loud quasars. All the continua are normalized to
match the observations in the optical/UV.

The observed 3C 351 continuum and the standard contin-
uum differ significantly in the X-ray, IR, and radio regions (Fig.
3). 3C 351 is X-ray—-“quiet,” ie. it has a factor of ~5 lower
X-ray flux than the average radio-loud quasar: the effective
optical-to—X-ray slope apy for 3C 351 is 1.6, as compared to
@ox = 1.3 for an average radio-loud quasar (Wilkes et al. 1994),
The weak flux in the X-ray is not due to X-ray variability or to
the effect of the ionized absorber (Paper I). 3C 351 also shows a
clear upturn in the IR at ~1 pm, turning over again at ~25
um. IR and radio emission can produce large amounts of free-
free heating which can influence the relative strength of emis-
sion lines (Ferland & Persson 1989). The 1.3 mm observations
by Antonucci & Barvainis (1993) are critical to the thermal
balance since they strongly limit the extrapolation of the IR
continuum. If the IR points are smoothly joined onto the
radio, then the resulting continuum produces a large amount
of free-free heating and unacceptably strong C 1v 11549 emis-
sion relative to Lya. If, instead, the 1.3 mm observations are
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used, the slope in the submillimeter region is constrained to
—5/2, similar to that of radio-quiet quasars (Chini, Kreysa, &
Biermann 1989). This provides another argument in favor of
the Antonucci & Barvainis (1993) hypothesis that the IR and
radio emission comes from two distinct components and must
arise at different locations. In § 4 we investigate the effect of
using the 3C 351 continuum on the physical conditions in
photoionized gas clouds and so on the resulting emission line
strengths.

3. THE X-RAY ABSORBER AS THE UV ABSORBER

Table 2A gives the EW and FWHM of the absorption lines
in the z = 0.3646 system. The existence of highly ionized O vi
lines is particularly intringuing given the O v absorption edge
seen in soft X-rays (§ 2). If the two absorbers are identical, then
the X-ray and UV constraints would allow us to solve for a
consistent model for both the UV lines and the X-ray absorber.

In the context of photoionization models, we look for a
consistent solution for the ionization state of an absorbing gas
cloud satisfying both the X-ray and UV constraints. All the
photoionization calculations were made using G. Ferland’s
CLOUDY software (Ferland 1991). Photoionization models
predict f,,, given the input continuum, column density, number
density (ny), and the ionization parameter (U) of the gas, where
Sion is the fractional abundance of an element in a given ion-
ization state. For the best-fit parameters of the X-ray absorber
(see § 2.1, Table 1), £,,, was calculated for the ions O vi, N v,
C 1v,and H 1. Assuming a solar abundance of elements relative
to hydrogen and using the total Ny; from the X-ray analysis,
the column density of each ion, N,,,, was then derived. For
example, f, v, the fraction of oxygen in the O vi state of ion-
ization, is 0.03 for the continuum model with break energy at
0.37 keV (§ 2.1). Given a solar abundance of oxygen relative to
hydrogen (8.51 x 10™*; Grevesse & Anders 1989) and using
the total N (1.4 x 10?2 cm™2), the column density of O vi is
Nowi=3x10'7 ¢cm~% N,,, for the other ions has been
derived similarly. These model values are listed in Table 3.

A measured column density for each ion of the UV absorber
was derived from the line EW with a standard curve-of-growth
analysis (e.g., Spitzer 1978). Figure 4 shows curves of growth
for “b” values ranging from 80 to 130 km s~ !, where “b " is the
velocity spread parameter. Abscissa is log (N Af), where N is the
column density of an ion and N2 has the dimension ecm ™. f'is
the oscillator strength of the transition. Values of f are taken
from Wiese, Smith, & Glennon (1966). The lower limit to the
column density of an ion is obtained from the linear part of the
curve of growth, e.g., for the O vi1 doublet transition Ng v, >
1,7 x 10'% ¢cm™~2, Small values of “b™ imply unacceptably
large column densities (“b” =4 km s~ gives Ng v, ~ 10?7
¢m~2%), making the absorbing material optically thick to
Thompson scattering. The maximum value of b is ~600-1200

TABLE 3
COMPARISON OF COLUMN DENSITIES IN MODEL AND DaTa

log N,

ion

{Model)

Ton log N,,, (Measured)*

Eg,e = 007 keV

Epreax =037 keV  Ep,,, =07 keV

17.5-18.0
15.3-158
159-16.1
154-174

17.5 17.5 18.3
15.7 15.8 16.8
15.9 159 17.3
15.3 15.6 16.5

* Assumingb = 110kms™'.
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km s™! given by the observed line widths (see § 2.2). Higher
resolution data are needed to allow b to be directly measured
and then b and N, to be fitted independently. Given the
observational limits, we find that a value of b ~ 105-115 km
s~ ! gives consistent solutions to the X-ray and UV line con-
straints (Table 3), a value b = 110 km s™' was adopted. The
measured column density of O vi is then Ngy; =3 x 107
cm~2 consistent with that derived from photoionization
model.

Table 3 compares the column densities of each ion derived
from the UV line analysis to those predicted by the photoion-
ization models for different values of X-ray spectral break
energy. A consistent solution was obtained for all the UV lines:
O vi, C 1v, N v, and Lya (Fig. 4b). The range in the measured
values of column density is due to the uncertainty in the equiv-
alent width measurements. For X-ray continua with break
energies at 0.07 and 0.37 keV, the match provided by the
models is good to better than 5% for C 1vand O v1 and consis-
tent for N v and Lye. As noted in § 2.2, the heavy blending of
Lyx and N v results in a large uncertainty in the continuum
level and so in the resulting equivalent width of N v. Thus the
inferred range of Ny is large (15.3-15.8). Similarly, the uncer-
tainty in Ny, is large (15.4-17.4) due to the large uncertainty in
the measurement of equivalent width of Ly« absorption line
§2.2).

In a highly ionized system such as this, magnesium is highly
ionized (Mg v1 and higher) leaving no magnesium in the Mg
state (log fugn < —30), and thus Mg 11 absorption should not
occur. The same is also true for the low ionization ions of C 11,
N1 N1, Ol Sin, Al 1, and Fe 1. This is consistent with the
observations (see § 2.2).

For the X-ray model with break energy at 0.7 keV, the
inferred parameters for the UV absorber are inconsistent with
the parameters of the X-ray absorber (Table 3). If the X-ray
absorber is indeed the UV absorber, for which the above evi-
dence is compelling, then the break in the X-ray power law
must be at lower energies. We note that this model also has the

highest x? (31.66 for 27 dof) among all the three models (§ 2)
and the X-ray fit is unacceptable (Table 1). A break at lower
energies (~0.37 keV or less) is thus preferred by both X-ray
and UV data.

We conclude that in 3C 351 the X-ray and UV absorbers are
one and the same.

3.1. The Physical Characteristics of the Absorber

Since the X-ray absorber is strongly identified with the UV
absorber, constraints from both UV and X-ray data can be
combined to derive its physical properties. These properties
describe a component of nuclear material not previously rec-
ognized. We have already shown that the absorber has high
Ny (1-1.8 x 1022 cm~2), and high U (log U = 0.78-1.08). We
tested a range of density from 10° to 10'! cm ™ in the photo-
ionization models and found that there is no significant change
in the values of fractional ionization, so the density is not
constrained directly.

The absorption lines are blueshifted with respect to the high
jonization emission lines by ~2000 km s~ '. The high ioniza-
tion lines themselves generally show blueshifts of 1000-2000
km s~! (Espey et al. 1989) relative to the Balmer lines. An
MMT spectrum taken in 1991 September shows that the high-
jonization emission lines of 3C 351 are blueshifted by ~ 1050
km s~ ! relative to [O m] 14959, implying an outflow velocity
for the absorber of ~ 3050 km s~ ! in the quasar rest frame.

The UV absorption troughs extend through the emission
lines down below the continuum level (Fig. 2) requiring that
both the continuum-emitting region and the BELR are at least
partially covered by the absorber. This places the absorber
outside the BELR. Scaling from the BELR size deduced from
the reverberation mapping of NGC 5548 (Clavel et al. 1991) by
the square root of 3C 351 luminosity (Lic3s; =2 x 10°
Lussass Tssag = 10 It-days) yields a distance of the BELR from
the central continuum of ~1 pc. So the distance of the
absorber is r,,, = 3 pc. The larger ionization parameter and
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larger radial distance compared to the BELR imply a lower
density for the absorber. The radial distance of the ionized
absorber is given by r,,, = (Q/4nUnyc)'/?, where Q is the
number of ionizing photons. For the best-fit parameters of the
warm absorber this gives r,,, = 5 x 10'%n5 V2 cm, where n; is
the number density in units of 10° cm ™3, Hence the density of
the absorber must be <5 x 107 cm™3. This low density in
combination with the large column density (1-2 x 1022 cm~2),
implies a depth for the absorber, 22 x 10'* cm. Given the
above density and physical depth, this leads to a mass for the
absorber of 2 10° M, for a covering factor of unity.

The depth of the Lya absorption line (2.06 x 107 !* ergs ™!
cm™2 A1) exceeds the continuum level (0.77 x 107! ergs~!
cm~2 A~Y) (Fig. 2b) implying that the absorber covers most
(2 60%) of the BELR. However we note that the different lines
indicate different percentages of the emission lines being
covered, e.g., assuming that 100% continuum source is
covered, the depth of the O v1 line imples that the BELR may
not be covered.

Further constraints come from the fact that a cloud with
these physical properties exposed to the quasar continuum
radiation would necessarily emit line radiation. If the covering
factor of the absorption-line clouds is not small, the line ratios
to Ly would be much larger than the observed ones, as dis-
cussed in § 4.2. The contribution of the absorbing clouds to the
total emission line flux should be < 10% to be consistent with
the observed line ratios. The covering factor of such clouds
must then be low (<0.01).

The radiation pressure experienced by the warm absorber is
easily sufficient to accelerate it to outflow velocities of a few
thousand km s~ !, as shown by Turner et al. (1993). The effec-
tive Eddington limit for the warm absorber gas is given by
Ly = Lggy x 01/, where oy is the Thomson cross section
and o is the effective cross section including photoelectric
absorption. ¢, is defined such that

e f S(EME = ff(E)e-“E’"" dE,
E E

where f(E) is the transmitted flux at energy E and o(E),
the absorption cross section at energy E, is
S ion Tionl E) fion A(atom/H). g, is ~1.4 x 10723 for a break
energy of 0.37 keV. Thus L, = 4.7 x 1072L,,. A quasar {(or
a Seyfert galaxy) emitting not too far below its Eddington
luminosity must necessarily accelerate a warm absorber
outward due to its radiation pressure. This is consistent with
the blueshift seen in the UV absorber. Turner et al. (1993)
reached a similar conclusion for the ionized absorber in NGC
3783.

The corresponding mass-loss rate is 005 < M <5 Mg yr~!
for covering factors between 1% and unity. This is comparable
to the accretion rate needed to power the central continuum
source, M, .;cion = 2 Mg yr~* for an efficiency of 0.1. Thus the
net amount of inflowing matter must be at least a factor of 2
larger than the accretion rate. The outflow implies a kinetic
luminosity of (0.06~6) x 10*2 ergs s~ !, which is only 1073 to
1073 of the radiative luminosity of the quasar, ie., outflow

velocities as high as 4000 km s~ ' are consistent with the energy

balance. This is in contrast with the upper limit on velocity
(v < 1000 km s~ ') by Turner et al. (1993) for NGC 3783, which
depended on their assumption of a covering factor of unity.
This is unlikely to be applicable to 3C 351 where the covering
factor is ~1% (see above). Even for NGC 3783, a covering
factor of ~1% would allow for outflow velocities of 3000-4000
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km s~ ! since their limit was based on energy balance require-
ment that Lkine(ic < Lndialive'

Variations in the continuum will change the ionization state
of the absorbing gas resulting in corresponding changes in the
column densities of individual lines. However, the absorption
lines lie on the flat portion of the curve of growth, so a large
change in column density would resuit in a small change in the
equivalent widths of the lines. Thus the model predicts no
significant correlation between variations in the continuum
and the EW of the UV absorption lines. However, a continuum
change will result in a change in X-ray opacity and thus in the
effective value of U. The signature at the oxygen absorption
edge in the X-ray spectrum is predicted to correlate with
changes in continuum luminosity.

4. A HIGH-IONIZATION BELR AS THE ABSORBER?

It appears unlikely, based on the results of the previous
section, that the absorber can be associated with a BELR
cloud. However, given the ambiguity of the BELR covering
result and the need for a new population of clouds, we wish to
be certain that the BELR is not responsible. Thus we investi-
gate whether the physical characteristics of a BELR cloud are
similar to those of the UV/X-ray absorber. Until recently
models for the BELR had typical values of the ionization
parameter in the line-emitting clouds of ~log U= -2
(Davidson & Netzer 1978). The value of U for the ionized
X-ray absorber in 3C 351 is 100—1000 times larger (Table 1).
The line ratio C m] 11909/C 1v 11549 is a sensitive function of
U, and such large values would produce unusually low values
for Cm}/C 1v (<0.3), and thus it appeared unlikely that a
BELR cloud was responsible for the X-ray absorption.

However, in the last few years reverberation studies of a few
low-luminosity Seyfert 1 galaxies have revealed that BELR
clouds, at least those emitting the high-ionization lines, are
closer to the continuum source (It-days-It-weeks) and so are
exposed to a far more intense radiation field than previously
thought (Peterson 1993) with an ionization parameter of
~log U = —0.5. This result, in combination with the fact that
3C 351 is X-ray—quiet, raises the possibility that BELR clouds
could be responsible for the X-ray absorption. These studies
have also shown that the C m] 11909 line, previously used to
deduce n, > 10° cm ™3, is formed at a larger distance than the
permitted lines (C 1v, N v, etc), ~3—4 It-weeks (Clavel et al.
1991) and so is produced in different clouds. Thus, there is no
clear density indicator for the Lyman «~C 1v region. Several
implications of this intense radiation at the BELR inner radius
are discussed in detail by Ferland & Persson (1980). Of partic-
ular relevance to the present study are the following:

1. Free-free heating is more important for higher fluxes or
ionization parameters.

2. The strongest effect of the continuum shape is upon the
higher ionization lines which are formed near the illuminated
face of a cloud.

3. The ratio of C 1v 11549 to Ly« is an increasing function of
density because of both the increased free-free heating and the
decreased efficiency of Lya emission.

4. The O v1 11034 line increases in strength with increasing
ionization parameter.

_ Since the importance of free-free heating increases with the
intensity of the incident radiation field, a knowledge of the
complete IR-X-ray spectral energy distribution (SED) is
needed to understand and model the high ionization emission
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lines. We compared the observed O vi, C1v, and Lya/N v
emission-line EWs with photoionization models to derive the
parameters of the emission-line clouds and compared them
with the physical parameters of the X-ray/UV absorber. The
input spectrum, ionization parameter, hydrogen density, and
the column density of a cloud are the physical parameters
which uniquely determine the strengths of the emission lines.
We have explored a wide range of this parameter space: the
hydrogen density was varied between 10® and 10*! cm™3;
Lyman-continuum optical depth: 10*~10%; and the ionization
parameter log U: —2to 1;in each case both a standard quasar
continuum (Ferland 1991) and the 3C 351 observed continuum
were used as input. In the following section we discuss the
results.

4.1. The Effect of the Continuum on the Emission Lines

The dependence of the emission line strengths measured
relative to Lyman-¢ on the ionization parameter (U) and
number density (n,;) is shown in Figures 4 and 5 for all three
continua. The effect of the Lyman-continuum optical depth on
the line ratios was small (< 10%) for optical depths between
10* and 10°. The strongest effect is that using the observed
continuum of 3C 351 instead of the standard continuum results
in significant changes in the relative emission line strengths (up
to a factor of 10).

4.1.1. The Relation between the Continuum
and the Ionization Parameter

The two extreme wavelength intervals in the 3C 351 contin-
uum, the X-ray and IR-radio, act competitively with opposite
effects on the strengths of the emission lines of interest. In
Figure 5a, C 1v, C m], and O v1 line strengths relative to Lyx
are plotted as a function of U for ny = 10'" cm ™3, The larger
IR-radio flux in the 3C 351 continuum increases the line ratios
due to increased free-free heating. Conversely, the smaller
X-ray flux produces lower numbers of ions and decreases the

Ll
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line ratios. For lower values of U, the low X-ray flux level in
the 3C 351 continuum dominates and the line ratios are sys-
tematically lower than those produced by the standard contin-
uum. Above some U, ;.. the effect of free-free heating
dominates (Fig. 5a). The value of U _;;..; is higher for ions with
higher ionization potentials and increases with decreasing ny;
for example U, ea for C v at ny = 10! cm™? is ~0.25,
whereas for ny; = 10° cm ™3 is ~0.63. For low ny (= 10° cm ™3),
U.iicat for O v1 is sufficiently high that the effect of free-free
heating is negligible for almost the entire range of U (Fig. 5b).

The strongest effect of the low X-ray flux in 3C 351 is on the
strength of the O v1 line. This is not surprising since the ioniza-
tion potential of O v is 0.11 keV. The strength of the O v1 line
is lower by a factor of ~ 10 with an input spectrum which is
X-ray—quiet (xox = 1.6) (Fig. 5a). In addition, the low X-ray
flux leads to a value of the ionization parameter higher by a
factor of 2.5 than that using the standard continuum (Fig. 5a).
The IR upturn and radio loudness have the opposite effect, but
this is significant only when both U and ny are high (log U 2
—1,ny ~ 10* cm™3).

4.1.2. The Relation between the Continuum and the Density

When U is low, the shape of the input continuum makes no
significant difference to the dependence of emission-line
strengths of the C 1v and C m] on density, but it always has a
significant effect on the dependence of O vI on density. For the
standard continuum, the strength of C m] 41909 drops rapidly
for densities higher than the critical density for collisional
deexcitation (10° cm ™ 3) (Fig. 5¢), and so C m] is normally used
to put an upper limit on the BELR cloud densities. This effect
vanishes using the 3C 351 continuum for high values of U
(log U > —1) due to increased free-free heating, which pro-
duces heating without ionization. Thus, for a 3C 351-like con-
tinuum, i.e., with strong IR emission, C nr] 11909 ceases to be a
density indicator for log U > 0.1.

Kwan (1984) pointed out that uncertainty in the dielectronic
recombination rates and the strong dependence of C mi]
A1909/C 1v 41549 on U compromised its role as a density indi-
cator. Our results show a second reason to discount the value
of Cm] as a density diagnostic. We conclude that, even
without variability information to confirm C mJ’s origin in
different gas, it is not a good indicator of density in the high-
ionization Lya—C 1v—emitting region.

4.2. Comparison with Observations

To investigate whether the physical parameters of BELR
clouds are the same as those of the warm absorber, we com-
pared the photoionization model calculations described above
with the observed emission lines C nr], C 1v, O v1, and Lya.
The observed strength of C nr] 41909 relative to Lya (= 0.1) is
used only as an upper limit in this comparison because, as
discussed earlier, it is believed to originate in a separate, larger
region than the C 1rv—O vi-producing clouds. As shown in
Figure 5b, this constraint is not satisfied for low densities
(ny = 10° cm™3) for the entire range of U. Even for higher
densities (Fig. 5a, ny; = 10** cm™3), the constraint is satisfied
only for log U < — 1.2, lower than that required for O vI pro-
duction, i.e., no consistent result can be found.

The large predicted strength of C ni] results from the large
amount of free-free heating due mainly to the IR upturn in the
3C 351 continuum. If this IR is produced by thermal emission
from dust at larger distances from the nucleus, instead of in the
central region, the BELR clouds will see much weaker IR flux,
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reducing the free-free heating. In this scenario, we compared
the observed line ratios of C 1v/Lya and O vi/Lya with those
predicted by the 3C 351 continuum without the IR upturn (Fig.
6). The C nr] line constraint is now satisfied for the range of U
relevant for the C1v—O v1i producing clouds (up to
log U ~ —0.2, for ny = 10'* ecm™3). If C m] is produced pre-
dominantly at a distance larger than the C 1v—Lya clouds, then
the IR upturn is necessarily produced beyond the BELR
clouds arguing in favor of a dust model for the IR emission
(Sanders et al. 1989; Barvainis 1993).

The observed C 1v/Ly« ratio give a value of the ionization
parameter for C 1v-Lye—producing clouds of logU =
—1.5 + 0.2 for ny = 10'* cm =3 (Fig. 6). The inferred value for
O v1 21034 is much larger, log U = —0.6 + 0.1, implying that
O v1 is produced closer to the ionizing continuum than the
C v-Lya clouds. Even though this U is much larger than the
standard value (log U = —0.5 as compared to —2) (Fig. 6), it
is still much lower than that required for the X-ray absorber
(log U = 0.78-1.08). Thus, we rule out the possibility of iden-
tifying the X-ray absorber as a BELR cloud.

It is still possible that the BELR clouds provide the parent
population for the outflowing absorption line clouds. We
discuss this possibility further in section 5.2.

5. ARE THERE OTHER UV/X-RAY ABSORBERS?

5.1. Previous Studies

Strong, associated metal line absorption has been observed
before in AGNs with soft X-ray absorption. However, in no
case was the UV absorber identified with the X-ray absorber as
the physical parameters of the two were deduced to be very
different. Our results for 3C 351 show that there are five
reasons for these apparently discrepant conditions:

1. The Mg 1 ion is not produced in enough abundance until
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column densities are high (Kwan & Krolik 1981), so the
absence of Mg 1 absorption in a high-ionization absorption
system was interpreted as due to a low (Ny < 10%%%) column
density. However, the column densities inferred from the X-ray
data were some two orders of magnitude higher (Ny ~
1022-10%% and thus completely inconsistent. Our analysis
shows that the reason for the lack of Mg i1 absorption may
instead be that the material is highly ionized. In this case large
column densities are allowed despite the absence of Mg u
absorption as magnesium is predominantly in high-ionization
states.

2. A second consequence of the assumed low column den-
sities for the UV absorbers is that the absorbing gas would be
fully ionized (Shull & Sachs 1993) in hydrogen. In our analysis
the column densities are large enough to allow partial ioniza-
tion and hence the Lya absorption.

3. The key high-ionization line O v1 11034 is not easily
observed in AGNs with IUE. It can only be seen for z 2 0.2,
and few AGNs at such redshift are bright enough to be studied
with IUE. C v was thus the most commonly observed high-
ionization absorption line. For optically thin, AGN-
photoionized gas, C 1v is the dominant carbon ionization state
when log U ~ —2.3 (Donahue & Shull 1991). Since strong
C 1v absorption was observed, such values were assumed to be
appropriate for the UV absorber. This is much lower than that
required for a warm absorber. However the combination of
C 1v and O vi absorption in 3C 351 demonstrates that this
assumption does not apply. In the present model the ionization
parameter of the absorber is high (log U ~ 0.78), and C vt
rather than C 1v is the dominant state of ionization.

4. Early X-ray observations constrained only the total
absorbing column density along the line of sight due to either a
lack of sensitivity below the 0.6 keV oxygen edge, or of
resolution to detect the edge. Absorption as seen in the X-rays
was assumed to be due to neutral, “cold” gas because “hot”
gas would be transparent to X-rays. There was no observa-
tional constraint on the actual ionization structure of the
absorber. The higher spectral resolution of ROSAT allows
detection of absorption edges, thus constraining the ionization
state of the absorber and providing clear evidence for partially
ionized gas.

5. The physical conditions of the absorbing gas are poorly
determined from absorption line studies in the UV alone
(Lanzetta et al. 1991) because only a few lines are measured
(N v 41240, C v 11549, and possibly Mgn 42798 or O w1
/.1034) yielding column density estimates of a few ions but no
information on the ionization state. Since the X-ray absorption
cross section is relatively insensitive to ionization and deple-
tion (Morrison & McCammon 1983), X-ray measurements
give a total column density.

We have now demonstrated that the combination of UV and
X-ray provides information on the ionization state of the gas
and hence the physical conditions.

The case of the Seyfert galaxy NGC 3516 (z = 0.009) is
instructive. Kolman et al. (1993) present simultaneous X-ray
and UV observations of NGC 3516 with absorption features
seen in the UV spectrum and the signature of a warm absorber
in the X-ray spectrum. The authors rule out a common origin
of the UV and X-ray absorption.

The X-ray observations were made with Ginga which has its
response at higher energies (1-20 keV) than ROSAT (0.1-2
keV). The warm absorber in NGC 3516 has an absorption edge
in the range 7.4-8.3 keV, which includes ionization stages from
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Fe*!? to Fe*?!. A simple warm absorber model was con-
structed by introducing an additional absorption edge in to the
model; a physical warm absorber was not constructed, and
thus U could not be constrained. The UV spectrum from IUE
contains absorption lines of C 1v, N v, and Si 1v and the low-
ionization line Mg n. U was deduced by assuming that the
fractional abundance of C 1v is a maximum yielding a low
value of U (log U = —2.18 to —0.83 for log Ny = 20-22). In
the warm absorber, iron is at least 12 times ionized, which is
consistent with C* > and higher stages of ionization. Therefore,
such matter is probably too highly ionized to produce the
observed UV absorption lines, especially Mg 11; hence their
conclusion that the absorbers were distinct. However, we note
that the evidence for Mg n absorption in NGC 3516 is rather
weak (Kolman et al. 1993) due to blending with a Galactic
absorption line. If this line is not confirmed (e.g,, in an HST
spectrum), then highly ionized matter similar to that in 3C 351
is a possibility. It may then be possible to reconcile the ioniza-
tion states of the UV and X-ray absorbers in NGC 3516.

5.2. Implications

The identification of the UV and X-ray absorbers in 3C 351
with the same absorbing gas opens up many possibilities. We
note, for example, that if the clouds are expanding laterally at
their sound speeds, then the ionization parameter of the clouds
would change as they flow out with U o¢ R(Vyouna/Touttiow) - PTO-
jecting the cloud density and U back to the radius of the BLR
gives values consistent within a factor of 2 with those for the
BELR clouds, so that the outflow may be built from out-
flowing BELR material. These clouds could attain velocities an
order of magnitude larger without disrupting the energy
balance (see § 3.2), which would then give them properties
closely similar to the BAL outflows (Turnshek 1988).
BALQSOs typically have Ny~ 102'-22 cm™2, are highly
ionized and have a complex velocity structure. Initial results
from ROSAT (Kopko, Turnshek, & Espey 1993) imply that
they are relatively faint in soft X-rays, suggestive of strong
absorption and another UV/X-ray absorber connection. Cold,
yet variable, absorbers are quite common in the X-rays (Turner
& Pounds 1989; Warwick et al. 1993). If we assume that these
absorbers are related to the UV/X-ray ionized absorbers only
denser, or more distant so that they have lower U, then we can
begin to make progress in understanding them. This is shown
to be the case in 3C 212 which was originally thought to be a
cold absorber (Mathur 1994). Presently these absorbers are
usually associated with the “obscuring tori” indicated in
unified schemes (e.g., Antonucci & Miller 1985). Identification
with the kind of outflow seen here suggests a more dynamic
“expanding shell” picture (see also Lawrence 1991). Once
again the combination of UV and X-ray data would result in
strong constraints on the physical conditions of the absorber.

6. CONCLUSIONS

In this paper we have shown that the X-ray and UV
absorbers in 3C 351 are highly likely to be one and the same.
The physical conditions of the absorber are determined
through the combination of constraints derived from both the
X-ray and UV analysis. The absorber is found to be highly
ionized (log U = 0.78-1.08), outflowing with a velocity ~ 3050
km s !, having high column density (N, = 1-2 x 1022 cm™2),
low density (n < 107 cm™3); probably a low covering factor
(~1%) and situated outside the BELR. These properties
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describe a component of the active nucleus not previously rec-
ognized.

This is the first confirmed X-ray/UV absorber. We have
shown that the previous attempts to identify an UV absorber
with a X-ray absorber were unsuccessful because of the lack of
high-quality data which forced overly constraining assump-
tions to be made in photoionization modeling. These led to
incompatible conditions being derived for the UV and X-ray
absorbers. The identification of the UV and X-ray absorbers in
3C 351 with the same absorbing gas opens up new possibilities
for studying the physical conditions in other UV and X-ray
absorbers, e.g, BALQSOs. We have demonstrated the great
advantage in determining the properties of the absorber that is
afforded by the combination of UV and X-ray data.

We have also investigated the effect of the 3C 351 continuum
on emission-line strengths. The 3C 351 continuum differs sig-
nificantly from the standard continuum in that it is X-ray—
quiet, radio-loud, and has an upturn in the IR. We
demonstrate that it is important to use observed continuum,
rather than a standard one, to derive the physical parameters
in the BELR self-consistently. The strongest effect of the low
X-ray flux is on the strength of O vi 11034. The strengths of the
high-ionization lines of C1v 11549 and O vi 11034 with
respect to Lya are systematically lower (up to a factor of 10)
with the 3C 351 continuum as compared to those produced by
the standard continuum for U < U ;.- This is mainly due to
the weak X-ray flux. Free-free heating was found to be impor-

tant for large values of the ionization parameter (log U > —1)
and higher densities (n ~ 10'! cm™3). We find that for a 3C
351-like (IR-strong) continuum, C m] 11909 ceases to be a
density indicator if the BELR gas sees the same continuum. We
rule out the identification of the absorber with a BELR cloud
as the physical conditions in the two regions are inconsistent
with one another. It is possible that the BELR clouds provide
the parent population for the outfiowing absorption-line
clouds.

3C 351 was observed by us with ROSAT because it was
known to be X-ray—quiet, as a part of our program to observe
quasars with extreme continuum properties. Our expectation
was that they would produce new insights into the underlying
physical processes. This strategy indeed seems to be fruitful.
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We acknowledge the Data Management Facility/Data Archi-
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ABSTRACT

The bright Seyfert galaxy NGC 5548 shows absorption features in its X-ray and UV spectra. The large
amount of optical/UV and X-ray monitoring data available for this object makes it an ideal candidate to test
our model of a common X-ray/UV absorber. We show that the X-ray/UV absorption is caused by a highly

ionized (2.2 < U < 2.8), high column density (N, = 3.8 x 10%!
region (2 x 10!® cm < r,,, < 2 x 10'® cm). The gas is outflowing with a mean velocity of 1200 + 260 km s

cm™2) gas situated outside the C 1v emitting
-1

and corresponding kinetic luminosity of ~10%% ergs s™'. The gas is more highly ionized and has a much
larger column density than earlier estimates based on UV data alone. This third example of an X-ray/UV
absorber reinforces our earlier conclusion that outflowing, highly ionized gas is common in the inner regions

of quasars.

Subject headings: galaxies: individual (NGC 5548) — galaxies: active — galaxies: Seyfert —

ultraviolet: galaxies — X-rays: galaxies

1. INTRODUCTION

Recently we found that the ionized (“warm”) X-ray
absorbers and the associated UV absorbers were due to the
same material in two radio-loud quasars: an X-ray—quiet
quasar, 3C 351 (Mathur et al. 1994), and a red quasar, 3C 212
(Mathur 1994). In both cases the absorber is situated outside
the broad emission line region (BELR), is outflowing, and is
highly ionized. While this result delineates a new nuclear com-
ponent in lobe-dominated radio-loud quasars, it would clearly
be much more interesting if the same component were present
in all quasars and active galactic nuclei (AGNs) with both
X-ray and UV absorption (Ulrich 1988). In this paper we test
this generalization by applying the same model to the best
studied of alt AGNs, NGC 5548.

NGC 5548, a radio-quiet Seyfert 1 galaxy, provides the best
test case for the equivalence of the X-ray and UV absorbers
and will yield a highly constrained determination of the physi-
cal properties of the absorber. This is because NGC 5548 has
been extensively studied in reverberation mapping experiments
in the optical and UV (Peterson et al. 1992; Clavel et al. 1991;
Korista et al. 1995). These have led to the accurate determi-
nation of the physical size of the BELR. NGC 5548 has both
an X-ray—ionized absorber (Nandra et al. 1991; Fabian et al.
1994a) and an UV absorber (Shull & Sachs 1993), and the
reverberation observations place limits on the response time of
the UV absorbers to changes in the UV continuum. Note that
this response time is due to the physical conditions of the
absorber only, since there is no light-travel time delay along
the line of sight.

We apply the photoionization modeling method of Mathur
et al. (1994) to the X-ray and UV absorbers in NGC 5548 to
determine whether consistent values for abundances of all the
observed ions can be obtained. In NGC 5548 the model must
meet two extra requirements: it must not lead to a density for
the absorber in conflict with its recombination time; and the
distance of the absorber from the continuum source must not
conflict with the well-determined BELR size.
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2. DATA

2.1. X-Ray Data

X-ray observations of NGC 5548 have revealed a complex
spectrum. EXOSAT showed that the source has a strong soft
excess (Branduardi-Raymont 1986, 1989). Ginga showed,
moreover, that the X-ray spectrum and flux were variable
(Nandra et al. 1991) and that the X-ray variability was corre-
lated with the ultraviolet variability (Clavel et al. 1992). In
addition, complex absorption was observed by Ginga with a
possible Fe K edge at ~8 keV, corresponding to an interme-
diate ionization stage of ion (~Fe xx) with ¢ ¢ ~ 0.03 and
variable soft X-ray absorption. ROSAT observations of NGC
5548 (1990 July 16-21) showed an absorption feature in its
X-ray spectrum arising from highly ionized oxygen, demon-
strating the presence of an ionized absorber; E = 0.81 + 0.06
keV, 7 = 0.35 £+ 0.13 (Nandra et al. 1993).

Recent observations with ASCA (1993 July 28) confirmed
the presence of an ionized absorber (Fabian et al. 1994a). O vii
and O vin absorption edges observed at 0.72 keV and 0.86
keV, respectively, were resoived in the ASCA spectrum. The

optical depths of the edges were 7o vy = 0.26:9:05 and 1o vy =
0.12*3:3]. The combined O vir and O vim opacity from ASCA

agrees well with that observed with ROSAT. An equivalent
hydrogen column density was Ny =38 x 102" cm™2
However, the presence of an Fe K edge is not confirmed
(trex < 0.1).

The absorption cross sections of O vi and O vmr are
028 x 1071 cm? and 0.098 x 107 !'® cm? respectively
(CLOUDY version 80.06; Ferland 1991). The column densities
in the two ions are thus Ng vy = 0.93753:15 x 10'® cm™2 and
Novm = 1223332 x 10'® cm~2 Given the total hydrogen
column density and the solar abundance of oxygen relative to
hydrogen (=8.51 x 10™*; Grevesse & Andres 1989) the frac-
tion of oxygen in the two stages of ionization is calculated;
Sovn =02973:3% and fovim = 0.3825:33. The absorber must
thus be highly ionized to have two-thirds of the oxygen in

hydrogen-like and helium-like states.
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2.2. Ultraviolet Data: IUE

NGC 5548 has been studied extensively in the ultraviolet
(Clavel et al. 1991; Korista et al. 1995). The UV spectrum
shows absorption lines of C v and N v within the profiles of
their broad emission lines (Shull & Sachs 1993, hereafter SS).
The source was found to be highly variable in its continuum
flux and also in the strengths of its emission and absorption
lines. The UV continuum was found to vary by a factor of ~3,
while the C 1v absorption line equivalent width (EW) varied by
a factor of ~2 over a period of about 10 days. There is no
observed lag between the variations in the continuum and the
EW of the C 1v absorption line (At < 4 days; SS). Note that
any delay between the continuum and absorption-line variabil-
ity is not due to light-travel time (reverberation) effects, which
are not operative along the line of sight. It is instead due to
physical conditions within the absorber, specifically, the
recombination time (see § 3.4). SS also infer a blueshift of
1200 + 260 km s~ ! with respect to the systemic velocity of
NGC 5548. We note that the earliest JUE spectra of NGC
5548 are also suggestive of an absorption feature at this posi-
tion (Wu, Boggess, & Gull 1981; Ulrich & Boisson 1983). We
reanalyzed the 1979 JUE data (SWP05500, SWP05687,
SWP05688, SWP05689, SWP07345, SWP073930), including
those reported by Wu et al. (1981) using current extraction
techniques. The C 1v absorption line is present at similar veloc-
ity and is of comparable strength to the later data (SS).

No associated Lya absorption has been reported in the large
literature on NGC 5548. Observationally it is difficult because
the Lya emission line of this low-redshift source lies very close
to geocoronal Lya. Theoretically, Lyx absorption was not
expected (SS), since the absorbing gas was considered “fully
ionized ” in hydrogen. As a result, all the published spectra cut
off the blue wing of Lya in the AGN emission line in order to
remove geocoronal Lyx from the spectrum, cutting out also
part of the Ly absorption line.

Because our models predict significant Lyx absorption, we
retrieved and reanalyzed a set of IUE spectra, taking care to go
to shorter wavelengths. In Figure 1 we present an JUE spec-
trum of NGC 5548, without removing the geocoronal Ly
This clearly shows the presence of a Lya absorption line at a
redshift consistent with that of the other absorption lines.
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Fic. 1.—IUE spectrum of NGC 5548 (an average of SWP35029,
SWP35284, SWP35461, SWP35636, SWP35849, SWP36018, SWP36369,
SWP36567, and SWP36715) showing the presence of Lya absorption line.

2.3. Ultraviolet Data: Hubble Space Telescope

NGC 5548 was observed daily for a total of 39 times by
HST in 1993 April/May to monitor the variability of the
source in the ultraviolet (1140 A < 1 < 2312 &; Korista et al.
1995). HST Faint Object Spectrograph (FOS) resolution is ~ 1
A over this wavelength range (cf. ~6 A with IUE). Figures 2a
and 2b show the emission- and absorption-line profiles of Lya
and C 1v, respectively, for the mean FOS spectrum. This spec-
trum was constructed by joining the combined G130H and
G190H spectra; no scale factors were applied (see Korista et al.
1995, § 2.4). We measured the EWs of the absorption lines both
in the individual HST spectra and in the mean. The C v
doublet 141548, 1551 is resolved with EW = 0.32 + 0.1 and
0.08 + 0.03 A, respectively, in the mean FOS spectrum (Table
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Fi6. 2—HST mean FOS spectrum of NGC 5548 showing (a) Lyz, N v and (b) C 1v absorption troughs. In (a) we also indicate our maximal and minimal
estimates of the absorption-line strength (dashed line). The dotted line indicates the extrapolation to the observed line profile.
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TABLE 1
ABSORPTION-LINE PARAMETERS
EW (A)
A e
LINE & HST* IUE

Crv 15482 ... 15724 030010 1.6+03°
C v A15508...... 15754 008 + 0.03
Nvil2388 ...... 12607  0.04 + 001
Nv 12428 ...... 12625  0.10 + 0.03
LY& o 12341 05+03

* In mean spectrum.
® SS mean value scaled by our correction factor, 0.6 (see
text).

1). The measurement of absorption lines situated within a
broad emission line profile is notoriously difficult, since the
real shape of the emission line is unknown. We estimated the
magnitude of our errors by making maximal, minimal, and
optimal measurements in each case (see, e.g., Fig. 2a). This
yielded a typical error of about a factor of 2 in individual
spectra and about 30% error in the mean FOS spectrum. The
N v doublet is also resolved in the HST data with EW = 0.1
and 0.04 A (4 30%) in the mean spectrum.

An associated Lyx absorption line, at the same relative blue-
shift (Az = 0.002) as the C 1v—N v absorption system, is clearly
seen with EW 0.5 + 0.3 A; a minimum H 1 column density is
thus Ny, =>4 x 10!* cm~2 There is another absorption
feature immediately shortward (1., = 1231.9 A, Az = 0.004,
EW ~ 0.6 A). There are no corresponding C 1v or N v absorp-
tion features at a similar relative blueshift, and the line appears
to be unrelated to the associated absorption system we discuss
here. The uncertainty in the Lya EW is large owing to its
proximity both to this nearby absorption feature and to the
peak of the emission-line profile.

Note that the C iv EW in the mean HST spectrum is signifi-
cantly lower than those reported for the JUE spectra (2 or 8 A;
SS)in 1989. The larger of the two SS EW values was derived by
assuming that much of the emission-line peak was absorbed.
This is clearly not the case in the higher resolution HST data.
The HST spectra also show that the absorption feature covers
a smaller range in wavelength than was apparent from the IUE
data. We remeasured nine IUE spectra around JD 2,447,580,
the time of the maximum continuum change, using A2 ~ 10 A,
rather than the 16 A used by SS. The exact wavelengths varied
due to the inherent uncertainty in the wavelength calibration
for spectra observed with the large IUE aperture. Our EW
values are systematically smaller than SS’s small values for the
same spectra by a factor of 0.6. We used our revised measure-
ments for the remainder of this paper. We note that the 1989
IUE C 1v EWs are still larger than the HST values. This may
be due to the measurement difficulties in the low-resolution
TUE spectra.

3. MODELS

In the context of photoionization models we look for an
ionized absorber that satisfies the X-ray constraints. Photoion-
ization models predict the fraction of atoms in each ionization
state, f,.., given the column density (Ny), density (), and ion-
ization parameter U [U = (Q/4nr?ny c), where Q is the number
of ionizing photons] of a cloud of gas exposed to a continuum
source with a defined continuum shape. All the photoioniza-
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tion calculations in this paper were performed using
CLOUDY (Ferland 1991).

Mathur et al. (1994) have shown that the particular spectral
energy distribution (SED) of each AGN should be used, rather
than a “typical” quasar SED, since this might lead to incom-
patible physical conditions in a photoionized cloud. The
observed radio to X-ray continuum of NGC 5548 is shown in
Figure 3 (data from Ward et al. 1987; SS; Korista et al. 1995;
Nandra et al. 1991). The continuum is corrected for Galactic
reddening by E(B— V) = 0.033, assuming a fixed conversion of
NyEB—V)=50x 10! cm™2 mag~! and Ny (1.65 x 102°
cm™2; Nandra et al. 1993). The shape of the IR/optical contin-
uum is similar to a typical AGN (Elvis et al. 1994) with the IR
break shifted shortward to 100 ym. The standard radio-quiet
AGN continuum used by Mathews & Ferland (1987) is shown
for comparison as a dashed line. NGC 5548 is much brighter in
X-rays than a typical AGN, but has a normal X-ray spectral
slope, a; =0.8 + 0.2 in the 2-10 keV range (Nandra et al
1991). In addition, it has a soft X-ray excess which can be
approximated by a blackbody spectrum of temperature
150,000 K (Fig. 3, dotted line). The heavy solid line in Figure 3
shows the adopted input continuum. The X-ray column
density Ny, was fixed at the observed ASCA value of 3.8 x 10%!
cm ™2 (Fabian et al. 1994a).

3.1. The X-Ray Absorber

Figure 4 shows the ionization fractions of O vt and O vint as
a function of U, using the dereddened continuum for NGC
5548 and assuming solar abundances (Grevesse & Andres
1989). The number of ionizing photons @ is equal to 2.5 h;¢
% 10%* 571, where ks, is the Hubble constant in units of 50 km
s™1 Mpc~'. Note that this value of Q is in fact smaller than
that used by Ferland et al. (1992), 0 =4 h~2% x 10°* s~ !, which
is based on a scaled version of the standard continuum. This is
because most of the ionizing photons come from the energy
range 1-20 rydbergs, where the standard continuum is brighter
(Fig. 3). The observed values are highlighted with heavy lines.
Using the constraints on the fractional ionization of O vi1 and
O vm from the ASCA data (rgvy= 02913335, tovm=
0.3813:22. Fabian et al. 1994a; see § 2.1 above), the allowed
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FiG. 3—Spectral energy distribution of NGC 5548: the data are from
Ward et al. (1987), SS, and Nandra et al. (1991). The solid line represents our
adopted SED. The dotted line is a {50,000 K blackbody spectrum. The dashed
line is 2 “standard " AGN continuum shown for comparison (see text).
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range of the ionization parameter is narrow, 2.2 < U < 2.8.
(Note that this is a linear scale.) If instead the observed contin-
uum is used, i.e., with no reddening correction, the inferred
range changes to 1.2 < U < 1.3 and the dependence of log f;,,
on U remains qualitatively the same. In the rest of the paper we
quote all the parameters only for the reddening-corrected
SED. The values of the ionization fraction are independent of
the gas density, so the density n is not constrained by photo-
ionization models alone (see § 3.4). The value n = 107 atoms
cm ~3 was used in the input to CLOUDY.

We investigated whether the lack of an Fe K absorption
feature observed by ASCA (§ 2.1) is consistent with our model.
The ~8keV Fe K absorption edge would most likely be due to
an intermediate ionization stage of ion around Fe xx (Nandra
et al. 1991), most likely Fe xv, since it dominates over a wider
range of U than other ionization states because it is neon-like
and so more stable than other iron ions.

We find that, for the best-fit models for the oxygen edges, the
dominant stage of iron is indeed Fe xvi1, log fr. xyn = —0.77,
implying Ng, xvn < 2.2 x 10'® cm™~2, The ASCA upper limit
toan Fe K edgeis 7 < 0.1 (§ 2.1), 50 Ng.xvn = 3 x 1016 em ™2,
assuming solar abundance of iron (4.68 x 10~%; Grevesse &
Andres 1989). This is consistent with the absence of any Fe K
X-ray absorption edges. This absorption system, however, falls
short by a factor of ~ 25 of producing the large observed EW
of the Fe K emission line even for a uniform spherical shell
(model EW ~7 eV, observed EW = 180 + 60 eV), consistent
with the conclusion of Nandra et al. (1991).

3.2. Combined X-Ray and Ultraviolet Constraints

We follow the technique developed in Mathur et al. (1994) to
look for an absorption system that satisfies both X-ray and UV
constraints. The X-ray constraints require 2.2 < U < 2.8, as
discussed above. Thus, if the X-ray and UV absorbers are one
and the same (as was found to be the case in 3C 351 and
3C 212) in NGC 5548, then it can be seen from Figure 4
that the ionization fraction of C 1v is constrained to be fc v =
20193 x 107*(log fow = —3.7%3D).

In the mean HST spectrum, the C 1v doublet ratio is
3.8 £ 0.2; thus the C 1v absorption lines lie off the linear
portion of the curve of growth (see, e.g., Spitzer 1978; Wiese et
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al. 1966). In Figures 5a-5¢ the curves of growth for velocity
spread parameters b = 20, 40, 60, and 80 km s~ ! are shown.
Figure 5a shows the observed equivalent width for C 1v (Table
2) and the constraint on log (Nf4) derived from the X-ray con-
straint on f.,y (see above) assuming a solar abundance for
carbon (3.63 x 10™%; Grevesse & Andres 1989) and oscillator
strength f = 0.285 (Allen 1973). Similar plots (Figs. 5b and 5c¢)
for N v (at solar abundance, 3.63 x 10™*; Grevesse & Andres
1989) and Ly« (using oscillator strengths of 0.235 and 0.4162
for N v and Lyaq, respectively; Allen 1973) lead to the allowed
b-values given in Table 2. A consistent solution for all three
ions is obtained for b = 40 km s~ !, with a small tolerance for
both UV and X-ray constraints to be met.

The measured line widths for the C v doublet are ~ 350 km
s~ ! (FWHM), broader than the nominal spectral resolution for
this observation and thus possibly resolved. This would imply
that the absorber is dispersed in velocity space (see also SS).
However, we note that the resolution of the FOS using the 473
slit (as in the case) is not well defined. In particular, ~50% of
the light is in very broad wings (K. Korista 1995, private
communication), and thus we cannot be certain that the line is

TABLE 2
UV AND X-RAY CONSTRAINTS ON b*
log (W /) log (NAf) b
Ion (from UV) (from X-Ray) (kms™!)
Crv...... —361 +0.02 8.9-94 40-50
Nv.... —3.92 +003 8.59.1 18-40
Hi..... —3.8733 9.9-10.1 20-60

* Rangesare + 1.
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resolved from these data. As discussed in § 2.3, the uncertainty
in the Lya EW 1s large, leading to a large uncertainty in the H 1
column density: 13 < log Ny, < 18, while the model value
ranges from 15.2 to 15.4 (Table 2). An actual H 1 column
density in the higher end of the observed range would imply
that the heavy-element abundance in the X-ray/UV absorber is
depleted. Conversely, if it is in the lower end of the range,
enhanced metal abundance is implied. A Lyman edge absorp-
tion would be observed if Ny, is large (log Ny, > 16.3). The
recent HUT observations (1995 spring) will be able to detect
such a Lyman edge.

The ASCA observations were made on 1993 July 28, while
the HST observations were made between 1993 April and 1993
May. The close agreement of U from the 4SCA4 and HST data
requires that the UV continuum flux be similar in both obser-
vations. The optical light curve of NGC 5548 (Korista et al.
1995) shows that the mean continuum level during the HST
observations [f,(5100 A) =9.14 x 10" S ergss™ ' ecm 2 A7 1]
was indeed only 4% below the continuum at the time of the
ASCA observations (~9.4 x 10" ergss ' cm™2 A1),

One additional consistency check is possible. In a highly
ionized system such as this, magnesium is highly ionized (Mg
vi and higher), leaving no magnesium in the Mg 1 state (log
Jugn < —30), and thus Mg 11 absorption should not occur. This
is consistent with the observations (§ 2.2).

Thus we have a single consistent model that simultaneously,
correctly predicts the fractional ionization of O vi, O vi, N v,
C 1v, H1, and Fe xvm and the lack of presence of Mg r and
other low-ionization species. We conclude that the UV and
X-ray absorbers in NGC 5548 are one and the same.

3.3. Variability

Our photoionization model of the UV absorber in NGC
5548 must explain the observed variability of the C 1v absorp-
tion line (SS), assuming that their relative measurements are
correct (see § 2.3). As can be seen from Figure 5, the absorption
line lies slightly off the linear part of the curve of growth. The
slope of the curve of growth in that region is about 0.5. Since
this is a log-log plot, a factor of 2 change in the column density
of the C 1v ion would result in a factor of 1.4 change in the EW
of the line. In our model, the variations in N, are caused by
variations in the ionization parameter of the absorber (Fig. 4),
which is directly proportional to the variations in the ionizing
flux. An increase in U results in a decrease in N¢ v (Fig. 4). Our
measurements of the JUE data show the continuum at 1500 A
varying from 2.0 x 107 '%104.7 x 10" *ergscm~2s ' A ! a
factor of 2.4, while the C v absorption-line EW changes from
1.9 + 0.3 to 1.4 + 0.4 A, consistent with the model prediction
of a factor of 1.5.

During the HST observations the maximum continuum
variations were only a factor of ~ 1.5 (Fig. 6). There is no
obvious variability observed in the C 1v absorption line EW,
Unfortunately, the errors in the C v EW are large, owing to
the inherent measurement difficulty discussed earlier (§ 2.3).
The two solid lines indicate the variability predicted by our
model based on the observed continuum variations and both
zero time lag and a time lag of 2 days. The data are certainly
consistent with the model (y2 =6.05 for 35 degrees of
freedom); however, no strong conclusions can be drawn.

3.4. Physical Properties of the Absorber

The X-ray/UV absorber in NGC 5548 shows absorption
features due to Lya, N v, C1v, O vi, O vm, and Fe xvii. The
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X-ray and UV constraints can now be combined to derive the
physical properties of the absorber. It is highly ionized
(22 <U <28) and has a large column density (Ny=
3.8 x 102! ¢cm™3). The C 1v recombination time must be
shorter than the variability response timescale of < 4 days
(SS), which sets a lower limit to the density of the absorber;
nz 5 x 10° ¢! cm™3, where ¢t, is the lag between the contin-
uum and absorption-line variation in units of 4 days. The
thickness of the absorbing slab is then Ar < 8 x 10!° cm. It is
outflowing with a mean velocity of v,,, = 1200 + 260 km s~ !,
as inferred by its blueshift with respect to the systemic velocity
of the galaxy (SS) and possibly dispersed in velocity
(FWHM ~ 300kms™1).

The radial distance of the absorber, r,,, = (Q/4nUny c)'/?, is
< 0.7-0.8 t1? pc, given the above density constraint. The
maximum depth of the C 1v absorption line during the JUE
observations is greater than the continuum level (SS). This
implies that the absorber at least partially covers the C 1v
emitting region, whose size has been accurately determined for
NGC 5548 as 7.5 £ 0.5 It-days. Combining these two limits
gives 8 lt-days < r,,, < 0.8 pc, ie., 2 x 10'® <r,, < 2 x 10!8
cm.
The lower limit on r,,, limits the density to n < 5 x 10°
cm ™3, The density is thus constrained tobe 5 x 105! <n <
5 x 10° cm 3. The radial distance and density are not strongly
constrained, nor are the model constraints in conflict with
those from the variability data. o

Associated absorption has been observed in ~10% of
Seyfert 1 galaxies (Ulrich 1988), which implies a ~ 10% cover-
ing factor of the absorber in all Seyfert 1 galaxies. If we assume
that this covering factor, f, ;, applies to NGC 5548, then the
mass of the absorber is M,,, ~ 20 f;, ; M. The mass outflow
rate can be calculated, by assuming uniform density: M, =
M, Voue Ar ™! fo.y = 10f5, Mg yr~'. This is an upper limit in
that the absorber is much thinner than its radius from the
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TABLE 3
PHysicAL CONDITIONS OF X-RaAY/UV ABSORBER
Parameter B Constraint Derived from:
Neutral hydrogen column density Ny...... Ny ~38x 10! cm~? X-ray (Fabian et al. 1994a)
Tonization parameter U...................... 22<U<28 «O v, O vin), X-ray (Fabian et al. 1994a; Nandra et al. 1993)

Radial distance 7y, ... covveveercnneniniannn

Density i ..o

Qutflow velocity 0 ....covvuverrvrevnrenrnnnias 1200 + 260 km s™*
TRICKNESS A7 «oveeriiieiveicecennenns <8 x10¥ cm
Mass ..o ~20fo, Mg

2x10%cm<r,, <2 x 10'%cm
Sx10°em™3gn<5x10°cm™3

LL: BELR covered (Peterson et al. 1992); UL: n, U
LL: recombination time < 4 days (SS); UL:r,,,, U
Line redshift (SS)

Ny, n

n, Ty, Ar (covering factor f, , = 0.1)

center, so that the time-averaged M, is likely to be much
smaller. The same rate is a lower limit in that we measure only
the velocity component in our line of sight (see § 4.4). This mass
outflow rate is quite a bit larger than the accretion rate of 0.08
M yr~! needed to power the L,,, = 5 x 10** ergs s~ ! contin-
uum source at 10% efficiency. The outflow would carry a
kinetic luminosity of M2, v2,/2 = ~10*? ergs s~ ! about 50
times lower than the radiative luminosity of NGC 5548. A
summary of the properties of the absorber is given in Table 3.

4. DISCUSSION

4.1. Comparison with Previous Models

The combination of X-ray and improved UV constraints
from HST have led to derived conditions very different from
those reported earlier by SS based on the IUE data alone. SS
necessarily assumed C 1v to be the dominant state of ionization
(fc v = 0.1), leading to U ~ 107>, Combining this with the
lack of Mg 11 absorption led to Ny < 102%* cm™2. However, in
our model these parameters are constrained: 2.2 < U < 2.6,
—34 < fe v < —39. We are thus led to conclude that the
absorber is highly ionized and has a large column density
(Ny = 3.8 x 102! cm™2; Fabian et al. 1994a).

4.2. Generalizing X-Ray/Ultraviolet Absorbing Outflows

The physical properties of the long-known UV absorber in
NGC 5548 are now well constrained with the identification of
an X-ray/UV absorber. We can therefore generalize our uni-
fication of X-ray and UV absorbing outflows for lobe-
dominated radio-loud quasars to include radio-quiet Seyfert
galaxies, and most likely to include all associated absorbers in
AGN:s.

A strong correlation has been observed between the radio
properties and associated absorption-line properties of AGNs:
all broad absorption line quasars (BALQSOs) are radio-quiet
(Stocke et al. 1992), and all Mg 11 associated absorption-line
quasars are lobe-dominated and radio-loud (Aldcroft, Elvis, &
Bechtold 1995). Associated C 1v absorbers are a mixture of
lobe- and core-dominated radio-loud quasars, and radio-quiet
quasars. It is of interest to note that even though NGC 5548 is
radio-quiet, it is unusual in that its radio luminosity is domi-
nated by the extended radio flux, which has a larger physical
size than in any other radio-quiet Seyfert galaxy (Wilson &
Ulvestad 1982). In this respect it is similar to a lobe-dominated
quasar, providing a link between lobe-dominated, radio-loud
AGNs with associated absorption and radio-quiet AGNs,
perhaps also the BALQSOs. It further suggests that AGNs
with X-ray/UV absorbers are edge-on. To have an inclination
indicator in radio-quiet AGNs would be most valuable, and
this possibility should be studied further.

4.3. Comments on Variability in NGC 3227
and MCG —6-30-15

Variable X-ray spectra and the existence of ionized
absorbers have been observed with ASCA in two more AGNs:
NGC 3227 (Ptak et al. 1994) and MCG —6-30-15 (Fabian et
al. 1994b). In both cases the variations in the properties of the
ionized absorbers were deduced to be incompatible with the
variations seen in the continuum.

In NGC 3227 (Ptak et al. 1994) rapid flux variations were
observed with a timescale of ~ 10*s. An O v1 absorption edge
was detected with opacity 7 ~ 0.75. The model fits to the
spectra in high- and low-flux states showed that (1) for the
same value of photon index I in both high and low states, N
and U decrease when the luminosity increases; (2) for different
values of T, the same Ny and U can be fitted in both high and
low states. Both of these models seem unphysical, and hence
the authors suggested that a warm absorber model may be too
simple.

This however, may not be the case, since it does not allow for
delays due to the recombination time of the absorber. The
best-fit T in NGC 3227 is remarkably similar in both high and
low states, implying that the ionization structure of the
absorber has not changed even though the luminosity has
changed. This implies a recombination time of O vi > 10% s,
For O vi the recombination time is T = 4.3 x 10%n;! s (Shull
& Van Steenberg 1982), where ng is the density in the units of
106 cm ~ 3. This implies a density of the warm absorber, n < 10°
cm ™ 3. With the model value of U is of order 0.05, this places
the absorber at r = 10'° cm, well outside the BELR (which
would have a radius of 7 x 10'® ¢m, assuming an LY scaling
from NGC 5548).

It should be noted that the physical parameter which
responds to continuum variations is ¢ rather than U. Indeed, if
7 remains the same while the luminosity increases, the fitted
value of U, which assumes the system is in equilibrium, would
necessarily decrease.

A similar apparent discrepancy was observed in MCG
—6-30-15 (Fabian et al. 1994b) which has an O vi absorption
edge. In this case 7 decreased significantly over 23 days. The
luminosity also decreased over this period, while the fitted
value of the ionization parameter increased. Whether the

~ change in 7 correlates or anticorrelates with the change in

luminosity depends upon U (see Fig. 4). The recombination
time of O v is ~0.28 ng ! days (Shull & Van Steenberg 1982).
The data imply that ¢t < 23 days and so n = 10* cm ™3, a very
reasonable constraint.

We argue that the warm absorber models in NGC 3227 and
MCG —6-30-15 are not unphysical and that the data do not
require more complex models. The information provided by
the variability not only helps us understand this fact but also
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provides an important constraint on the density of the
absorber.

The low value of U for NGC 3227 (cf. U = 2.6 for NGC
5548) implies a wide range of ionization states from object to
object for the associated absorbers in radio-quiet AGNs as in
radio-loud.

4.4, Implications for the Nature of the Outflowing Material

Now that we understand the physical properties of the
absorber, we can begin to ask astrophysical questions.

The lack of differential time delays between the red and blue
wings of the broad-line profiles shows that the BELR motions
are not primarily radial (Korista et al. 1995). Yet the absorbing
material outside the BELR shows large outflows, both in NGC
5548 and in the other UV absorbers (Ulrich 1988). How is the
orbital or random motion at BELR radii converted to an
organized flow? What is the driving force? The continuum
radiation pressure acting on the partially ionized gas (Mathur
et al. 1994; Turner et al. 1994) may play an important role. In a
more specific scenario, Glenn, Schmidt, & Foltz (1994) and
Aldcroft et al. (1995) have independently suggested that in
BALQSOs and radio-loud quasars, respectively, we are
looking almost edge-on at material blown off a dusty disk
(which itself may be the BELR) by radiation pressure. Since
there is some evidence that NGC 5548 too is edge-on, the same
picture may apply there.

Material escaping vertically from an edge-on disk would
then follow a path that is not purely radial, since it is acceler-
ated by the continuum radiation pressure. If the material orig-
inates at only a restricted range of radii in the disk, this could
explain a number of otherwise puzzling features. In particular,
the limited thickness of the absorber in NGC 5548 cannot be
understood in any continuous radial wind model. The X-ray
column density directly rules out significant additional acceler-
ated or decelerated material, unless it is fully stripped through
iron (Nandra et al. 1991). Only by making the wind inter-
mittent, or by allowing for a velocity component in the plane of
the sky (so moving the rest of the flow out of our line of sight),
can we keep the thickness small.

Another consistency check is to confirm that the persistence
of the absorber is consistent with the large observed outflow
velocity (1200 + 200 km s~ !). In the 3 years separating the
ROSAT and ASCA observations, no significant change in the
O vi/O vm opacity was detected. (ROSAT t =035+ 0.13
[Nandra et al. 1993]; ASCA 1 = 0.3823:35 [Fabian et al
1994a]). A formal 3 ¢ upper limit for a change in 1 is 0.27 (i.e.,
~80%). The distance traveled by the absorber in 3 yr is
1.2 x 10*¢ cm. In order to limit a change in U to less than 80%,
this must represent less than a 34% change in distance from the
ionizing continuum (assuming a constant-density system). This
leads to r,y, = 3.5 x 10'S cm, slightly larger than the minimum
distance determined from the size of the BELR (2 x 10'¢ cm;
§ 3.4) and so consistent with our earlier derived parameters for
the absorber.

The first IUE observations, some 15 years ago, also showed
a C 1v absorber at a similar velocity and depth (§ 2.2). These
observations provide more constraints. The outflow cannot be
intermittent if it has persisted for 15 yr. Assuming a constant
mean velocity for the absorber leads to a present minimum
distance r,,, > 5 x 10'® cm, and a corresponding maximum
density n < 8 x 108 cm ™ 3. These are both consistent with the
derived absorber parameters (§ 3.4). However, if the apparent
width of the absorption line in the HST data is real (~300 km
s~ !) and represents the internal velocity dispersion of the gas

over the past 15 yr, then it will have led to a thickening by
~10'¢ cm over 15 yr, comparable to our estimate of the
present absorber thickness (less than 8 x 10'° cm; § 3.4). In
this case the absorber would have had zero depth when IUE
first observed it, which is unlikely, since otherwise it has not
changed significantly. This difficulty disappears if we are
looking through a flow with a component in the plane of the
sky, since then we are seeing a steady state flow crossing our
path. This dynamical picture, derived from observations, is
similar to the model of broad absorption line quasars
(BALQSOs) by Murray et al. (1995).

Testing the model further in NGC 5548 could be achieved
by measuring the recombination time, and hence the absorber
density. This implies a small sampling interval (less than 1 day)
accompanied by continuum changes by at least a factor of 2.
Monitoring the ionization parameter at a given continuum
flux over a number of years to search for density changes
would also test the model. High spectral resolution obser-
vations (e.g., with the HST Goddard High-Resolution
Spectrograph) could examine the velocity structure of the
absorber, and perhaps measure b-values of any components.
Tests for the edge-on nature of AGNs with X-ray/UV
absorbers also need to be pursued.

5. CONCLUSIONS

In this paper we have shown that the X-ray and UV absorp-
tion in NGC 5548 can be explained quantitatively by having
the same material produce the absorption features due to
O vi1, O vi (in X-rays), C 1v, N v, and H 1 (in the UV), and not
produce observable features due to Fe xvir and Mg i1 and other
low-ionization lines. This simple model passes further tests by
not violating the size and density limits imposed by the rever-
beration mapping data. We conclude that the X-ray and the
UYV absorption do indeed arise from the same matenal.

Combining the improved X-ray and UV constraints from
ASCA and HST, together with the reverberation mapping
variability constraints, leads us to understand the physical
properties of the absorber. The absorber is highly ionized
(22 < U < 2.8), has high column density (Ng = 3.8 x 10*!
cm™2), low density (5 x 10° 17! <n <5 x 10° cm™3), and is
situated outside the C 1v emitting region (2 x 101¢ <r,,. <2

x 10*® cm). The gas is outflowing with a mean velocity of
1200 + 200 km s~ ! and has a corresponding kinetic lumi-
nosity of ~10*3 ergss™!.

We can now generalize our unification of UV and X-ray
absorbing outflows from the lobe-dominated radio-loud
quasars to include radio-quiet Seyfert galaxies. This may also
provide a link to the radio-quiet BALQSOs. This analogy sug-
gests that the X-ray/UV absorbers in radio-quiet AGNs may
be viewed close to edge-on, which would be a valuable known
parameter if it can be independently supported. Now that we
understand the physical properties of the absorber, we can
begin to ask astrophysical questions about the dynamics of the
outflow and its role in the circumnuclear region of AGNs. A
scenario in which the absorbing material comes off a disk and
is accelerated by the radiation pressure of the continuum
source may explain the persistence of the absorber in spite of
its large velocity and thin shell-like geometry.
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cussions and for early access to the HST spectra. We also thank
Jonathan McDowell for his TIGER software. This work was
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ABSTRACT
We present ASCA observations of the z = 1.98 prototype broad absorption line quasar (BALQSO): PHL 5200.

0

The source was detected in both SIS and GIS. A power-law spectrum (a; = 0.6237) with large intrinsic absorption
(Na = 1.32} x 10 cm™?) best describes the spectrum. Excess column density over the local Galactic value is
required at the 99% confidence level. This detection suggests that, although BALQSOs are X-ray-quiet, it is
strong absorption in the BAL region that makes them appear faint to low-energy X-ray experiments. The
required intrinsic absorbing column density is 2-3 orders of magnitude larger than earlier estimates of column
densities in BALQSOs. This implies that the BAL systems are much more highly ionized than was previously

thought.

Subject headings: quasars: absorption lines — quasars: individual (PHL 5200) — X-rays: galaxies

1. INTRODUCTION

Associated absorption is common in the optical and ultra-
violet spectra of quasars (Ulrich 1988). A subset of these have
very broad absorption line profiles extending up to Ay = 0.1c-
0.2c redward with respect to the quasar rest frame (see,
e.g., Turnshek 1988). These broad absorption line quasars
(BALQSOs) show absorption features due to high-ionization
lines of C*7, Si*?, and other ions. Low-ionization BALQSOs
have also been observed which show Mg*' and/or Al*? absorp-
tion troughs. BALQSOs have been estimated to have column
densities Ny ~ 10°-10"' c¢cm™? (Turnshek 1984; Hamann,
Korista, & Morris 1993). As a class, BALQSOs share some
common properties: they are always radio-quiet (Stocke et al.
1992), may have abundances 10-100 times solar (in their
emission lines; Turnshek 1988, Hamann & Ferland 1993), and
are X-ray-quiet (Green et al. 1995). Recent work suggests that
BALQSOs are normal radio-quiet quasars seen from an
unusual direction (Weymann et al. 1991; Hamann et al. 1993).
In this case all radio-quiet quasars have collimated BAL
outflows, which, however, are pointed out of our line of sight
in some 90% of cases. Thus BALQSOs, far from being exotic
objects, give us a special probe into the gasdynamics around
the typical quasar.

However, physical conditions in the absorbing gas in the
BALQSOs are poorly determined from optical/UV absorp-
tion-line studies (Lanzetta et al. 1991). This is because only a
few, usually saturated, lines are measured, yielding lower limits
to column densities for a few ions but little information on the
ionization state. If, as in the narrow-line-associated absorbers,
there is X-ray absorption as well as optical and UV, then the
combined X-ray and UV analysis would allow us to derive the
physical conditions in BALQSO absorption systems (Mathur
et al. 1994; Mathur 1994; Mathur, Elvis, & Wilkes 1995). This,
however, has been difficult, since BALQSOs are elusive X-ray

' smita@cfa.harvard.edu.
2 NRC Senior Research Associate, on leave from Tata Institute of Funda-
mental Research, Bombay, India.
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sources and so are otherwise essentially unconstrained in their
X-ray properties. In a soft X-ray study of quasars with Einstein,
only four out of nine BALQSOs were detected (Zamorani et
al. 1981). Initial results from ROSAT are mainly upper limits
(Kopko, Turnshek, & Espey 1993; Green et al. 1995), implying
that they are relatively faint in soft X-rays (i.e., have steep a,,).
Our understanding of BALQSOs is incomplete without a
knowledge of their X-ray properties. In fact, lack of knowledge
of the underlying ionizing continuum is one of the major
uncertainties in the models of BALQSOs: Are they intrinsi-
cally X-ray-quiet (i.e., large a,)? Or is it strong absorption
that makes them look faint?

PHL 5200, a prototype BALQSO at z = 1.98 (Burbidge
1968), was detected in hard X-rays by the EXOSAT medium-
energy (ME) experiment but not by the low-energy (LE)
experiment (Singh, Westergaard, & Schnopper 1987). To
obtain consistency between the EXOSAT ME and LE requires
a column density of = 10” atoms cm ™, making it an excellent
candidate for examining the BAL region. We observed PHL
5200 with ASCA with this aim in mind. Einstein did not detect
(Zamorani et al. 1981) and ROSAT has not observed PHL
5200.

2. ASCA OBSERVATIONS AND DATA ANALYSIS

ASCA (Tanaka et al. 1994) observed PHL 5200 on 1994
June 21 for a net exposure time of 17.7 ks (Table 1). ASCA has
two solid-state imaging spectrometers (SISO and SIS1; Loe-
wenstein & Isobe 1992) and two gas imaging spectrometers
(GIS3 and GIS4; Ohashi et al. 1991). The SISs were operated
in 2 CCD mode (see Fig. 1). The source was faint but was
clearly detected in SISO and GIS3 (Fig. 1). The X-ray position
from SISO is (J2000) 22h28™26°, —5°18'54”, 1!1 from the
optical position (Schneider et al. 1992), consistent with the
current satellite pointing uncertainties (Tanaka et al. 1994).
The source was off-axis in SIS1 (where it lay close to the gap
between two chips) and GIS2 and was not detected in either.
This is consistent with the fact that the optical axes of

a



L10 MATHUR, ELVIS, & SINGH

TABLE 1
ASCA OBSERVATIONS oF PHL 5200

Total Net Count

Instrument Counts Exposure (s) Rate (s™)
SISO.......... 513 16,587 0.01 + 0.001
GIS3 ......... 505 16,788 0.006 + 0.001

telescopes containing SISO and GIS3 are much closer to each
. other than the others. No other sources were seen in any of the
instruments to a level similar to the count rates of PHL 5200.

Data were extracted in a standard way using the FTOOLS
and XSELECT software.? Standard screening criteria were
used as recommended in the ASCA ABC guide: a greater than
10° bright Earth angle, and a cutoff rigidity greater than 6
GeV/c. Hot and flickering pixels were removed from the SIS
data using XSELECT. All SIS events of grade 0, 2, 3, and 4
were accepted. Data of both faint and bright modes with high,
medium, and low telemetry rates were combined. These data
can be combined without any calibration compromises. The
ASCA X-ray telescope has a broad point-spread function, and
jittering of the spacecraft can appear on arcminute scales. To
take this into account, source counts were extracted from a
circular region of 6’ radius for GIS3 and from a 4’ radius for
SISO. The source was pointed at the center of chip 1 of SIS0,
putting the bulk of its photons into just one chip. Detectors
SISO and GIS3 yielded ~500 total counts each. Data from
these detectors cannot be combined, since the detectors have
different properties. The background was estimated using the
same spatial filter on the deep field background images (ASCA
ABC guide). A background-subtracted count rate of (1.04 £
0.15) X 1072 was observed by SISO, and (6.26 + 1.47) X 107°
by GIS3. The data were grouped to contain at least 10 counts
(background-subtracted) per pulse-height analysis (PHA)
channel to allow the use of the Gaussian statistic. The data
have modest signal-to-noise ratio; however, it can be clearly
seen that that there are essentially no counts below ~1 keV
(~3 keV in the rest frame) (see Fig. 2). The highest rest energy

3 FTOOLS is a collection of utility programs to create, examine, or modify
data files in FITS format. XSELECT is a command-line interface to the
FTOOLS, for X-ray astrophysical analysis. The software is distributed by the
ASCA Guest Observer Facility.
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FI1G. 2—ASCA spectral data (crosses) with best-fit power law with fixed
Galactic and intrinsic absorption models. Top: SIS; middle: GIS; botiom: both
SIS and GIS.

detected for PHL 5200 is 12 keV at 3 o for 0.5 keV wide bins.
Figure 2 shows the SIS and GIS spectra of PHL 5200.

The SIS and GIS spectra extracted in this way were then
analyzed using XSPEC. The 1995 March release of the
response matrices was used for the GIS data, and the 1994
November release for the SIS data. A power-law spectrum
with fixed Galactic absorption (4.8 X 10 atoms cm™*; Stark

Fic. 1.—ASCA GIS3 (left) and SISO (right) gray-scale images around PHL 5200. North is 6627 clockwise from the top. The GIS field of view is 50’ in diameter,

and each SIS chip is 11!1 on a side (ASCA Technical Description 1993).
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TABLE 2

SPECTRAL FITS TOo ASCA DATA OF PHL 5200
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Ny
Model ag (free)® Normalization®  x?*(dof)°
SIS
Power law:
FNU e 09713 09163 1.3%4% 52(12)
+ Ny(Galactic) fixed ................ -0.17% : 0.37%} 8.4(13)
+ NuE = 1.98) cooveennne. 08755 140213 12554 48 (12)
GIS
Power law:
FNH e 2003 45793 9.6:5% 5.4(9)
+ Nyu(Galactic) fixed ................ -0.1793 - 03292 9.8 (10)
+Ny(E=198)....coomrrrnniiinnnns 2815 1301, a7 57(9)
SIS + GIS
Power law:
FNH e 0914 10225 14.1 (24)
+ Ny(Galactic) fixed................ -0.133 i 0323} 18.4 (25)
+Ng@Z=198) oo, 13.1753 09733 14.2 (24)

 Times 10% cm 2

® In units of 107* photons keV~' cm™2 57" at 1 keV.

¢ Degrees of freedom in parentheses.

et al. 1992) provides an acceptable fit to the SISO data (Table
2). However, if absorption is allowed to be a free parameter,
then the fit is improved with greater than 98% confidence
(F-test; Table 2). The fitted value [Ny(z = 0) = 9 X 10% at-
oms cm~%; solar abundance] is much larger than the Galactic
column density toward PHL 5200, indicating excess absorption
along the line of sight. This is also much larger than the un-
certainties in the SIS low-energy response, which may overes-
timate the column density by up to 2 X 10® cm™ (C. S. R.
Day, Calibration Uncertainties [1995], ASCA GOF WWW page
[URL: http://heasarc.gsfc.nasa.gov/docs/asca/cal_probs.html}).
We then fitted a power-law spectrum with Galactic column
and an additional column of absorber allowing its redshift to
be free. We found no preferred redshift for the additional
absorber. Fixing the absorber at the source gives a column
density of 1.4773 X 10® cm™? (90% confidence for one param-
eter; sola}r1 abundance). The power-law energy index is
Qg = 0.810:9.

For the GIS data, a similar fit of a power-law spectrum with
fixed Galactic and additional z = 1.98 absorption is acceptable
but does not constrain the parameters well because the data
have large errors (Table 2).

A combined SIS and GIS analysis does constrain the
parameters of the model slightly better (zFig. 3; Table 2). The
column density at the source is 1.3} X 10® cm™, and
ag = 0.6207. This excess absorption, above Galactic Ny, is
required at 99% confidence (F-test).

The 2-10 keV (observed frame) flux is 2.92}3° x 107" ergs LT SN BE PTTI BN B Y
s~ em™? (corrected for best-fit absorption), and a 2-10 keV 0.01 01 1 10
(rest frame) luminosity is 9.3 X 10° ergss™' (H, = 50,4, = 0). Gal nH 10°22

The flux in the EXOSAT ME band (2-6 keV observed) is
233 X 107" ergs s™' cm ™. This is smaller than the EXOSAT
flux (~2 x 107" ergs s™' cm™?; Singh et al. 1987) by at least a
factor of 2.5. The optical continuum of PHL 5200 does not

vary by such a large amount (Barbieri, Romano, & Zambon
1978). It is possible that it is variable absorption rather than
intrinsic source variability that might be responsible for the
difference in the ASCA and EXOSAT ME fluxes. The ASCA
flux is consistent with the upper limits observed by the Einstein
IPC (less than 4.5 X 107" ergs s™* cm™) and the EXOSAT
CMA (less than 5 X 107" ergs s™' cm™2).

The ASCA-derived monochromatic luminosity at 2 keV

T ll[nn' L AL LN AR | LI B e

Energy Index

Fic. 3.—Confidence contours for the combined SIS and GIS spectrum.
Contours of 68%, 90%, and 99% confidence regions are shown. The Galactic
column density is shown as a dot-dashed line.
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(rest frame) is 1.3 X 10® ergs s™' Hz ™', and at 2500 A (rest
frame) it is 1.2 X 10* ergs s™' Hz™' (Zamorani et al. 1981),
giving a,, = 1.5.

An Fe K absorption edge is not detected (7 < 0.9; 90%
confidence for one interesting parameter). The opacity of an
Fe edge corresponding to Ny = 10% cm ™2 is 7 = 0.1f,,, where
fion is the ionization fraction of iron in hydrogen-like state. Our
data are not sensitive enough to detect such an edge.

The Fe K emission line (Ross & Fabian 1993) is also not
detected (see Fig. 2). We place a 0.5 keV upper limit (90%

- confidence for one interesting parameter) to the rest-frame

equivalent width of a narrow (o < 10 eV} line between 2.1 and
2.4 keV (6.3~7.1 keV rest frame). This can be used to place an
upper limit on the covering factor of the absorber. If the
absorber is a uniform spherical shell surrounding the X-ray
continuum source, then the Fe Ka line flux through recombi-
nation after photoionization of helium-like iron is given by
Fine = [NuA(Fe)/10"°2)(Q/4m)] om (Basko 1980), where 7 is
the fluorescent yield, the efficiency with which the flux above
7.1 keV (I,,) is reemitted as an Fe K line. Assuming solar
abundance of iron [4(Fe) = 3.3 X 107°; Grevesse & Andres
1989] and n = 0.5 (Krolik & Kallman, 1987), we estimate the
covering factor of the line emitting region, /4 < 4f, o, Which
is not an interesting limit. If, however, the heavy-element
abundance is 10 times solar (Hamann & Ferland 1993), then
O/47 < 0.4f,, consistent with Hamann et al. (1993).

3. DISCUSSION

The ASCA spectrum of PHL 5200 shows excess absorption
at 99% confidence. A column density of (0.2-4) X 10®(Z4/Z)
cm™? is obtained if the absorber is at the source. A power law
was a good fit to the data with the spectral slope (ag = 0.625%
in the normal range (Wilkes et al. 1994). The PHL 5200 value
of a,, = 1.5 is also normal for a radio-quiet quasar (Wilkes
et al. 1994).

The inferred absorbing column density for PHL 5200 is 2-3
orders of magnitude larger than the earlier estimates of
column density in BALQSOs (Hamann et al. 1993; Turnshek
1984). This implies that the BAL clouds may be more highly
jonized (Ny /Ny~ 107®) than previously thought (Ny./Ny
~ 107%; Hamann et al. 1993), as was true with narrow associ-
ated absorbers (Mathur et al. 1994, 1995). The estimates from
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the saturated UV lines appear to have been misleading.
Recent models of BALQSOs (Murray et al. 1995), however,
do consider column densities as large as we find in PHL 5200.
If, on the other hand, the abundances are 100-1000 times
solar, then the hydrogen column density would be smaller
(N ~ 10® cm™?). However, the ionization state would still be
high, since the comparison is between metal line absorption in
the UV and absorption in X-rays. The column density in PHL
5200 is also about an order of magnitude larger than other,
narrow, associated absorption systems (Fiore et al. 1993;
Tumner et al. 1994). In this respect, as in velocity width, the
BALQSOs may be extreme examples of other associated
absorbers.

This is consistent with our earlier conjecture that all asso-
ciated absorbers may form a continuum of properties with
column density, outflow velocity, and the distance from the
central continuum (Mathur et al. 1994). Are BALQSOs aiso
similar to these in being “XUYV absorbers,” i.e., are the broad
absorption lines observed in the UV caused by the same
matter producing X-ray absorption? This can be investigated
by combined analysis of X-ray and UV spectra (Mathur et al.
1994, 1995) of PHL 5200 but is beyond the scope of this paper.
If they are indeed the same, it would allow us to further
constrain the physical properties of the absorber and so of the
outflowing circumnuclear matter (Mathur et al. 1995).

The present study implies that BALQSOs are not intrinsi-
cally X-ray quiet; it is the extreme absorption that makes them
appear faint to low-energy experiments. Since the absorption
is significant only in soft X-rays, hard X-ray observations,
above a few keV, would reveal their presence as X-ray sources.
This can be done with missions like ASCA, XTE, SAX,
and AXAF. We have been awarded XTE time to observe
BALQSOs with this aim.

This research has made use of the NASA/IPAC Extragalac-
tic Database (NED), which is operated by the Jet Propulsion
Laboratory, Caltech, under contract with the National Aero-
nautics and Space Administration. This work was supported by
NASA grants NAGW-2201 (LTSA), NAG5-2563 (ASCA),
NAGW-4490 (LTSA), and NASA contract NAS8-39073
(ASC).
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X-RAY CONTINUUM AND IRON K EMISSION LINE FROM THE RADIO GALAXY 3C 390.3
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ABSTRACT

X-ray properties of the radio galaxy 3C 390.3 were investigated using the EXOSAT and Ginga satellites.
Long-term, large-amplitude X-ray intensity changes were detected over a period extending from 1984 through
1991, and high-quality X-ray spectra were obtained especially with Ginga. The X-ray continuum spectra were
described with power-law model with photon slope in the range 1.5-1.8, and the slope flattened as the 2-20
keV luminosity decreased by 40%. There was a first detection of the iron emission line from this source at the
90% confidence level. An upper limit was derived on the thermal X-ray component. X-ray emission mecha-
nisms and possible origins of the long-term variation are discussed.

Subject headings: galaxies: individual (3C 390.3) — galaxies: active — X-rays: galaxies

1. INTRODUCTION

Radio galaxies occupy an important position as a possible
parent population for quasars (QSOs) and BL Lac objects
(Brown & Murphy 1987; Barthel 1989). In fact, certain models
(called * Unified Scheme ”; see Orr & Brown 1982) claim that a
group of radio galaxies that are seen nearly end-on to their
radio jets should become a highly relativistically beamed lumi-
nous class of active galactic nuclei (AGNs). In order to test the
Unified Scheme, it is important to better understand the X-ray
characteristics of radio galaxies and compare them with those
of other types of AGN, because X-ray emission is thought to be
directly related to the emission mechanism of the central
engine of the AGN.

3C 390.3 is a broad-line radio galaxy at z = 0.057. In the
radio, it is classified as F-R II (lobes with leading edge hot
spots; Fanaroff & Riley 1974), and has a prominent double-
lobed morphology, together with a compact nucleus which
shows evidence of superluminal motion (Alef et al. 1988). The
optical spectrum, which classifies it as an N galaxy (Burbidge
& Burbidge 1971; Penston & Penston 1973), shows broad Ha
and Hp lines whose double-peaked structure provides evidence
for an accretion disk (Perez et al. 1988). Since its first X-ray
detection by Uhuru (Giacconi & Gursky 1974; Forman et al.
1978), 3C 390.3 has also been known to have an X-ray lumi-
nosity as large as Ly ~ 10* ergs s~!. The galaxy has been
subsequently monitored in X-rays by several satellites, up to
the most recent observations with EXOSAT (Shafer, Ward, &
Barr 1985, hereafter SWB85), and the new results from Ginga
that we are presenting here. The HEAQO ] data indicate X-ray
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spectra of power-law form with photon index I' = 1.65 (+0.50,
—0.25) in 2-50 keV (error is 90% confidence level) and
I'=140 1037 in 12-165 keV (error is 1 ¢ uncertainty)
(Rothschild et al. 1983; Mushotzky 1984), which are typical of
an AGN, and has a 2-10 keV luminosity of L, = 1038 ergs
s~ 1. A continuous decline of 3C 390.3 has been observed over a
period of ~15 yr up to ~ 1984, in the optical blue continuum
(from 14.8 to 16.6 mag; Barr et al. 1980; Lloyd 1984; SWBSS),
in the optical broad-line components (Oke 1986), in ultraviolet
lines (Clavel & Wamsteker 1987), and in X-rays (SWBSS).

Here we report on the X-ray observations of 3C 390.3 made
with the EXOSAT and Ginga satellites, and present high-
quality X-ray spectra obtained with Ginga. In § 2 and § 3 we
describe our observations and resuits respectively, followed by
the discussion in § 4.

2. OBSERVATIONS

2.1. EXOSAT Observations

A total of six EXOSAT observations of 3C 390.3 were per-
formed between 1984 and 1986. Data from the first two obser-
vations have already been reported (SWB8S5); processed data
from all six observations are publicly available in the
EXOSAT data base. However, for a weak source like 3C 390.3,
where the hard X-ray data are background-noise dominated, it
is often possible to obtain significantly better reduced data
than available in the archive by interactive reanalysis of the
raw data. Therefore, we have systematically reanalyzed all data
from the Medium Energy proportional counter array (ME;
Turner, Smith, & Zimmerman 1981) to obtain a uniform
sample of X-ray spectra. . -

Observations were performed on 1984 day 153, day 259;
1985 day 33, day 311; and 1986 day 76, day 77. Both observa-
tions in 1984 were affected by solar activity; on day 153, 63
minutes of data were not used due to background variations,
while on day 259 the ME data were completely unusable due
to solar flaring. We therefore exclude 1984 day 259 data from
the present analysis. The useful data on 1985 day 33 were
truncated by 3 hours due to spacecraft pointing problems.
Only 54 minutes of useful data were obtained on 1985 day 311
due to background variations.

The ME was usually operated with one-half of the detector
array pointed at the source and the other offset at a blank
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region of the sky, to measure the detector background, the two
halves being exchanged at mid-observation. However, for the
1984 day 153 and 1985 day 311 observations, significantly
better background subtraction was obtained using data from
the slews onto and off the target.

2.2. Ginga Observations

We observed 3C 390.3 with the Ginga LAC (Large area
-Proportional Counter; Turner et al. 1989) in the pointing
mode on two occasions; 1988 November 12 (=day 316) 2:02—
22:53 UT and November 13 (=day 317) 0:14-17:14 UT, and
1991 February 14 (=day 45) 9:10-23:08 UT. We accumulated
~3 x 10% s and 1.5 x 10* s of net on-source exposure, for the
1988 and 1990 observations, respectively. The background
data were obtained on 1988 November 11 at (x!%*°, 6'%°%) =
(1873078, 81°28:8), 129 off 3C 390.3, and on 1991 February 13
at (1672371, 76°156), 820 off. We performed no scanning obser-
vations which are sometimes done to obtain estimates of con-
tamination from nearby sources, since, upon examination of
the Einstein Extended Medium Sensitivity Survey (Gioia et al.
1991), we expect negligible contribution from other sources in
the same field of view. During these observations events from
each of the LAC detectors were pulse-height analyzed and
accumnulated on board into 48 spectral channels covering an
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energy range of 1-36 keV, with time resolution of either 4 or
16 s (MPC-1 mode).

Significant source flux was detected in both observations.
The background-subtracted and aspect-corrected 2-20 keV
signal counting rate was ~ 24 counts s 'and ~13 counts s~ !
in the first and second observation, respectively. Note that a 1
mCrab flux corresponds to ~ 10 counts s~ ! (2-20 keV) in the
Ginga LAC. These values are subject to a statistical error of
~0.05 counts s~ ! for a 1 day long observation, and a system-
atic source confusion noise of 1.4 counts s~ ! (both 2-20 keV, at
the 90% confidence; Hayashida et al. 1989). Figure 1 shows the
background-subtracted light curve, binned at 128 s. The LAC
counting rates remained constant within ~ 5% within each day
of observation, but the average X-ray intensity decreased from
26 counts s~ ! to 23 counts s~ ! by 3 + 1 counts s~ ' between
the 2 days in 1988. This decrease is significant compared with
the statistical errors, as well as the background and aspect
uncertainties.

Toward the end of the second Ginga observation, namely at
22:29 UT on 1991 February 14, a prominent flare event was
detected. During the flare, which lasted for ~30 minutes until
the end of the observation, the LAC counting rate increased by
a factor of 10 (Fig. 1¢). We describe this event in detail in § 3.3,
where we argue that the flare is due to a dMe star in the same
field of view and that “quiescent” emission from the flare
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TABLE 1
X-Ray FLUXES AND LUMINOSITIES OF 3C 390.3 OBSERVED WITH EXOSAT AND Ginga®

LumMiNosiTy?
SATELLITE YeAR/DAY r 2-6 keV FLux® 2-6keV 2-20 keV
EXOSAT .............. 1984/153 1.7 0.28 + 0.03 0.10 + 0.01 0.25 + 003
EXOSAT .............. 1985/033 (1.7) 1.75 + 0.05 0.61 + 0.02 1.56 £ 0.04
EXOSAT .............. 1985/311 (1.7) 1.44 + 0.07 0.50 + 0.02 1.28 + 0.06
EXOSAT .............. 1986/076 (L.7) 1.26 + 0.03 044 + 0.01 1.12 £ 0.03
EXOSAT ..c........... 1986/077 .7 1.27 £ 0.04 0.44 + 001 1.13 + 003
Ginga ...........o...... 1988/316 1.79 £ 0.02 3.11 £ 0.08 1.09 + 0.03 2.60 + 0.06
Ginga .................. 1988/317 1.76 + 0.02 2.84 +0.08 099 + 003 243 + 007
Ginga ........coooooill 1991/045 1.54 + 0.02 1.62 + 0.05 0.57 £ 0.02 1.62 + 0.05

* All the errors are 90% confidence limits.

® Photon index of the power-law spectrum. It was fixed at 1.7 for the EXOSAT data.
¢ Calculated using the power-law fits and expressed in units of 10~ '* ergscm =25~ 1.

¢ Inunitsof 10** k2 ergss™".

source is negligible. Therefore, the analysis of the Ginga data
will not cover the flare period.

3. RESULTS

3.1. X-Ray Intensity

The X-ray fluxes observed with EXOSAT and Ginga are
shown in Table 1, together with the luminosities calculated for
a distance of D =171 h~' Mpc (for H, = 100h km s~ !
Mpec!). Here 2-6 keV fluxes of the EXOSAT observations
were calculated from the observed 2-10 keV ME spectrum, in
which the photon index I' was fixed at 1.7. Leaving I to vary
freely resulted in consistent flux values within errors (see § 3.2).
The photoelectric absorption was assumed to be negligible,
because for all the EXOSAT spectrum it is consistent with zero
(see § 3.2) and did not affect the calculation in the 2-6 keV flux.

In Figure 2, we compare these 2-6 keV intensity measure-
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F1G. 2—The long-term 2-6 keV X-ray light curve of 3C 390.3. Previous
X-ray observations refer to; 3U catalog, Giacconi & Gursky (1974)
(recalculated for position); 4U catalog, Forman et al. (1978); OSO 7, Mush-
otzky et al. (1977); Copernicus, Charles et al. (1975); Ariel 5, Barr et al. (1980);
HEAO I, Marshall et al. (1978), Rothschild et al, (1983), and Wood et al.
(1984); Einszein, Halpern (1982). The 0SO 7 flux was calculated assuming a
power-law model with photon index I' = 1.7.

ments with previous X-ray observations of 3C 390.3. The figure
clearly reveals a large amplitude (more than an order of magni-
tude even excluding the single Copernicus point which is
rather uncertain) X-ray variation on a time scale of 10 ~ 20 yr;
following the long-term decline over 1973-1984 (Barr et al.
1980; SWMSBS5), the X-ray intensity has been increasing in the
years 1984-1989. The X-ray flux also exhibits a factor ~3
random variability on somewhat shorter time scales (a few
years). It is thus not obvious whether the flux decrease from
1988 to 1991 signals the start of another long-term source
decline, or just a short-term fluctuation.

3.2. EXOSAT Spectra

A series of trial power-law spectra were folded through the
detector response and fitted to the ME data at each epoch.
Results are given in Table 2. The photoelectric absorption is
included as a free parameter in the fits to the EXOSAT data. In
all cases it is consistent with zero. For the 1984 day 153 obser-
vations, SWB85 reported a flat X-ray power law with little or
no absorption. In our reanalysis, the derived best-fit spectrum
is steep. However, the uncertainty in the spectral index is quite
large. In fact, there is no evidence that the spectral index mea-
sured by EXOSAT is variable. The hypothesis of constant
spectral index yields a reduced y2 of 0.84 for four d.of. The
(weighted) mean 2-10 keV spectral index measured by
EXOSAT is 1.66, typical of hard X-ray power laws for AGNs
(Turner & Pounds 1989).

Addition of a Gaussian emission feature near 6.4 keV yields
no significant decrease in x?; however, the upper limits to the
strength of any iron line are uninteresting, 3 ¢ limits to the
equivalent width in all observations being in excess of 600 eV.

3.3. Ginga Spectra
3.3.1. Continuum Characteristics

The two Ginga observations yielded high-quality X-ray
spectra in the 2-36 keV range, as shown in Figure. 3. The data
have been background subtracted (using the standard method
by Hayashida et al. 1989) and aspect corrected, but the detec-
tor response has not been removed. The 1991 spectrum
(Fig. 3b) excludes the period of the flare event (§ 2.2).

We fitted the spectra with power-law and thermal bremss-
trahlung models with three free parameters; normalization
factor, photon index I or temperature kT, and absorption by
cold matter of cosmic abundance with a column density Ny,

Pl
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TABLE 2
ResuLTs oF MopeL Fits To THE 3C 390.3 SPECTRA®

Year/Day Model No® T or kT EAl + 2 EW' x?/d.ofs
1984/153 ...coeevnennn Power law 29(+33, —-14) 25+0.7 27/18
1985/033 ....ovvivnnnns Power law 51+ 15 1.75 £ 0.2 37/35
1985/311 ..occeevnnnnnns Power law 57+12 1.7+ 0.2 26/32
1986/076 .....ccvvenennn Power law 44+01 1.6 +01 27/32
1986/077 .....ccvvnnnenn Power law 43405 1.57 + 0.08 21/36
1988 .ceeeriiiinines Power law 129 £ 0.27 1.77 £ 001 40.1/37
Thin-thermal 17.3 £ 0.17 142 + 04 333/37

Power law + line 129 + 0.28 1.77 £ 0.01 6.60 + 0.35 70 + 36 30.9/35

1991/045 ...oovnennnn Power-law 5.13+0.16 1.54 + 0.02 45.0/35
Thin thermal 9.28 + 0.09 272420 55.7/35

Power law + line 513+ 0.16 1.54 + 0.02 649 + 037 96 + 56 36.2/35

* Errors represent single-parameter 90% confidence levels.
® Normalization (10~ counts s * keV ™' cm~3).

¢ Photon index.

¢ Thermal bremsstrahlung temperature (keV).

¢ Line center energy (keV) with redshift correction assuming z = 0.057.

" Line equivalent width (V).
* Degree of Freedom.
b The 2 day long Ginga data were combined together.

Results of the fitting in Table 2 show that the power-law model
is clearly more favored than the thermal model for the 1988
data, although in the 1991 data the distinction between the two
models is less clear and even the power-law fit gives somewhat
large chi-squared. As shown in Figure 4a, we obtained only
upper limits to Ny which are consistent with the line-of-sight

absorbing column within our galaxy, in this direction of the
sky (3 x 10%° ¢cm~?; Heiles & Habing 1974).

One intriguing result is the detection of a significant change,
by ~0.23, in the photon index I between the two Ginga obser-
vations (see Table 2). As shown by the contour map of Figure
4a, this spectral difference is statistically significant. The differ-
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parameters are summarized in Table 2.
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ence is also much larger than the systematic errors (mainly due
to background uncertainties) in I, which is no larger than
+0.05 in the present case. We further searched the Ginga data
for fast spectral changes on time scales of minutes to days, but
none was found. In particular, the first and second day of the
1988 observation yielded the same value of I" within errors of
+0.03.

3.3.2. Iron K-Emission Line and Iron K-Edge Feature

The single power-law fits to the Ginga spectra exhibit a hint
of positive residual around 6 keV (Fig. 3, middle panels). This
suggests the existence of a redshifted iron K-emission line. We
accordingly added to the power-law model a narrow (0.1 keV
FWHM) Gaussian component, leaving its intensity and center
energy free to vary. This significantly improved the x? of the fit
(Table 2 and the bottom panels of Fig. 3). Confidence contour
maps for the Gaussian parameters, Figure 4b and 4c, show
evidence of line emission in both spectra. Also, F-tests confirm
the line significance at a 99.9% confidence level for the 1988
observation and at a 99.0% confidence level for the 1991 obser-
vation. The derived line-center energies, after correction for
z = 0.057, are consistent with those of iron K-lines (6.4-6.93
keV in the rest frame). We therefore conclude that the Ginga
spectra provide the first significant evidence of the iron K-line
emission from 3C 390.3, with equivalent width (EW) of ~100
eV. In a later discussion (§ 3.3.3) we show that the iron line is
unlikely to originate in the contaminating flare source. We
cannot, however, constrain the line energy enough to deter-
mine, within the 90% confidence levels, whether the inferred
iron line is of fluorescent origin (expected at 6.4 keV in the rest
frame) or of thermal origin (expected at 6.7-6.9 keV in the rest
frame). Also, we cannot discriminate between the line flux or
the line EW being the same between the two observations.

Motivated by a series of Ginga detections of iron K-edge
features from many Seyfert galaxies (e.g., Pounds et al. 1990;
Matsuoka et al. 1990), we examined the 3C 390.3 spectra for
similar iron K-edge absorption features. We multiplied the
power-law model by the K-edge absorption factor and varied
both the edge energy and depth in comparison with the data.
However, no edge feature was detected from either spectrum of
3C 390.3, and the derived upper limits on the iron column
density are of order 4 x 10'® cm™? as shown in Figure 44,
corresponding to an equivalent hydrogen column of 1 x 1023
cm ~ 2 assuming cosmic abundance.

3.3.3. Origin of the X-Ray Flare and Its Effects on the Ginga Data

In this subsection we will discuss the flare in the second
Ginga observation and justify the exclusion of these data from
the analysis. The flare is due to valid aperture X-rays, because
background monitor counts (Hayashida et al. 1989) did not
increase. The flare exhibited a rapid (5 minutes) tenfold flux rise
followed by a ~ 30 minutes decay, although the observation
ended before the flux recovery to the preflare level. We derived
X-ray spectra of the flare component, in time series, by subtrac-
ting preflare data including both background and the 3C 390.3
signal. These flare spectra are well fitted with thermal bremss-
trahlung continuum, plus an iron emission line with a center
energy of 6.7 + 0.1 keV and an EW in the range 6001400 eV.
Fitting with the Raymond-Smiths (1977) model resulted in
consistent parameter values. The continuum temperature
gradually decreased from kT = 10 keV (flare peak) to 4 keV.
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The flare spectra cannot be fitted with power law plus line
model.

From the spectral analysis, it is most likely that the flare
X-rays are emission from optically thin hot plasma, whose size
is at most 10'3 cm corresponding to the flare rise time. Any
detectable thin-thermal emission associated with the radio
galaxy would not exhibit such a rapid variation (Elvis et al.
1991). We can also exclude a solar origin, since, during the
flare, the LAC field of view was clear from direct solar illumi-
nation and terrestrial scattering of solar X-rays. On the other
hand, this event is very reminiscent of solar and late-type
stellar X-ray flares (e.g., Haish 1983; Tsuru et al. 1989; Pallavi-
cini, Tagliaferri, & Stella 1990). We therefore suggest that a
dMe star EQ 1839.6 + 8002 (Caillaut et al. 1986), only 0°4 away
from 3C 390.3, to be the flare source. The estimated distance of
D = (11-40) pc to this star implies a 2-10 keV flare peak lumi-
nosity of 1.3 x 10%° (D/10 pc)® ergs s~ '. This value is consis-
tent with those of dMe flares. Further details of this event will
be reported elsewhere.

The flare source was in the LAC field of view throughout
both observations, and we must estimate its contribution
during its quiescent state for possible contamination. Because
the X-rays from 3C 390.3 are of nonthermal nature (§3.3.1), the
amount of thermal component allowed by the Ginga spectra is
expected to set an upper limit on the contamination. We
accordingly fit the 3C 390.3 spectra (Fig. 3) with 2 model con-
sisting of power-law and thermal bremsstrahlung continua
(both without absorption), leaving all the continuum param-
eters free while masking out the iron line region (5.8-7.0 keV).
The upper limit on the thermal flux thus constrained is shown
in Figure 5a as a function of the assumed bremsstrahlung tem-
perature. The result indicates that thermal flux is at most ~8%
of the total flux in both spectra, or less than (3.9-5.8) x 107!2
ergs cm~2 s~', for coronal temperatures below ~4 keV
(assuming that the coronal temperature is lower in quiescence
than during flares). This is consistent with the IPC flux of EQ
1839.6 + 8002, which is 7.8 x 107 !* ergs cm~% s~ ' in 0.15-4
keV (Caillaut et al. 1986). The above results imply that the flare
peak luminosity is at least 10° times larger than the quiescent
X-ray luminosity of the flare source. This is not unusual for
late-type flare stars. From these arguments, we conclude that
the contamination to the continuum emission by the quiescent
stellar emission is negligible.

To examine whether the iron line emission comes from the
flare star or from the radio galaxy, we have calculated the
maximum iron line EW (relative to the observed total
continuum) attributable to the quiescent stellar emission, by
utilizing the upper limit on the thermal continuum (Fig. 5a)
and the iron line EW (relative to the calculated thermal
continuum) expected for a plasma of solar abundance
(Rothenflug & Arnaud 1985). The result, shown in Figure 5b,
indicates that the estimated upper limits on the stellar line EW
are comparable to those actually observed in the 3C 390.3
spectra. However, the redshift-uncorrected line energies for the
3C 390.3 spectra, 6.24 + 0.33 keV (in 1988) and 6.14 + 0.35
keV (in 1991), are inconsistent with the energy of ~6.7 keV
expected for stellar coronae of temperature kT = 2-10 keV,
which has actually been observed in the flare X-rays. (Note
that the line energies observed from 3C 390.3 become consis-
tent with either 6.7 or 6.4 keV after the redshift correction.) We
therefore conclude that the quiescent stellar emission cannot
be a main source of the detected iron K-line photons.
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3.3.4. Upper Limits on the Thermal Component

X-ray bright elliptical galaxies are surrounded by hot
(kT ~ 1 keV) gaseous halos which emit thermal X-rays with
luminosities in the range 10*!-10%2 ergs s ~ ! (Forman, Jones, &
Tucker 1985; Canizares, Fabbiano, & Trinchieri 1987; Fab-
biano, Kim, & Trinchieri 1992). In radio galaxies, hydrostatic
pressure of such a hot halo may significantly contribute to the
confinement of the radio lobes. The analysis conducted in the
preceding subsection is particularly useful in setting upper
limits on possible thermal X-ray emission from such an
extended gaseous halo in the 3C 390.3 system. Assuming that
thermal flux should not vary and therefore combining the two
results in Figure Sa, 2-20 keV thermal flux from 3C 390.3 itself
can be constrained to less than 4 x 107 *2 ergs s~ ! cm~2 for
kT < 10 keV, corresponding to a 2-20 keV luminosity of less
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than 1h~2 x 10*3 ergs s~! (< 5% of the total luminosity seen
in Ginga). The upper limit is further reduced for lower tem-
peratures, e.g., less than 2h™2 x 10*2 and less than
1h™? x 10*2 ergs s~ for kT = 3 and 2 keV, respectively.

4. DISCUSSION

4.1. Long-Term Variability

Over the period of ~ 1970 to mid 1980s, 3C 390.3 exhibited a
long-term decline in its optical blue continuum, optical broad-
line components, and X-rays (Barr et al. 1980; van Breugel &
Jagers 1982; Lloyd 1984; Laing, Riley, & Longair 1983;
SWBR8S5). The X-ray observations from EXOSAT and Ginga
have shown an increase, from the minimum in 1984 May to a
peak in 1988 November, by almost an order of magnitude.
This is one of the largest amplitude variations in X-rays
observed in AGNs (see Grandi et al. 1992). The IUE observa-
tions made in 1989 March (Wamsteker & Clavel 1989) also
reported a marked increase in the ultraviolet continuum and
lines of 3C 390.3 (doubling of the continuum, a 70% and a
160% increase in the Lyax and C v line, respectively) with
respect to the observation in early 1988.

These results immediately indicate that thermal or inverse-
Compton X-ray emission from large extended regions, includ-
ing the radio lobes, and hot plasmas which might be necessary
to confine the radio lobes, is at most 3h72 x 10*3 ergs s~! in
2-20 keV corresponding to the minimum intensity observed on
1984 day 153. All the variable X-ray flux, with luminosities
reaching ~2.5h7% x 10** ergs s~!, must originate in the
compact nucleus. This conclusion is quite consistent with the
fact that the Ginga spectra are clearly of a nonthermal nature
with characteristics very similar to those of other AGNs, and
that the allowed thermal X-ray luminosity is less than
1h™% x 10** ergs s™' (Fig. 5a) for a rather wide range of
assumed temperature (kT = 2-10 keV).

There are several alternative interpretations for the cause of
the observed X-ray variability. One obvious possibility is a real
change in the intrinsic luminosity of the nucleus. Changes in
the nuclear obscuration by cold matter can also cause appar-
ent X-ray intensity changes, and this is actually suggested by
the reduced optical broad lines during the low flux period. Also
evidence was reported previously for occasional variation in
the X-ray absorption (Charles, Longair, & Sanford 1975).
However, a tenfold intensity reduction in the EXOSAT ME
range by increased absorption would have required an equiva-
lent hydrogen column density in excess of 3 x 10?* cm ™2,
which would have caused a serious change in the ME spec-
trum. Since such a drastic spectral change was not observed
the increased absorption alone seems difficult to explain the
variation. A third alternative is changes in the X-ray beaming
direction, as suggested by the evidence of the superluminal
motion (Alef et al. 1988). This alternative is, however, doubtful,
because the radio lobes indicate a jet that is fairly stable on
time scales of millions years and is not pointing toward us. We
therefore presume that the long-term variability of 3C 390.3 is
mainly due to intrinsic luminosity changes in the nonthermal
radiation from the nucleus, possibly accompanied by an
increase in the circumnuclear absorption as a secondary effect
(e.g., through reduced photoionization flux).

Compared to the long-term variations, short-term variabil-
ity seems to be a less clear phenomenon for this galaxy. This
characteristic is rather commonly seen in other high-
luminosity AGNs (e.g., Barr & Giommi 1992; Grandi et al.
1992; Williams et al. 1992; Ohashi et al. 1992). It is interesting
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to consider here Centaurus A, which is also a double-lobed
radio galaxy (at a D ~ 5 Mpc distance) but is two orders of
magnitude less luminous than 3C 390.3. In fact, Cen A not only
shows long-term large amplitude changes up to a factor of 30
or so (Morini, Anselmo, & Moltini 1989), but also a rapid
intensity decrease by a factor of three within 5 minutes (Wang
et al. 1986). Cen A is further distinguished from 3C 390.3 in
that it exhibits a large X-ray absorption (N ~ 10** H atoms
cm™2) as well as much stronger iron fluorescence lines and is
not an OVYV. These differences between Cen A and 3C 3903
are most naturally attributed to the difference in the intrinsic
Iuminosity.

4.2. Continuum Spectra and X-Ray Emission Mechanism

The continuum X-rat spectra of 3C 390.3 obtained with
Ginga are dominated by a nonthermal component, with rather
tight upper limits on contribution from thermal emission
(<5% of the total luminosity seen in Ginga). The photon
indices T from the two Ginga observations are 1.77 + 0.01
(average of the 2 days) and 1.54 1 0.02, while all the measured
EXOSAT spectra are consistent with I of 1.6-1.8. Spectral
indices determined by earlier satellites (Halpern 1982; Roths-
child et al. 1983; Barr et al. 1980; Mushotzky, Baity, & Peter-
son 1977) are generally consistent with these values, although
subject to larger errors. Thus the X-ray spectra of 3C 390.3 are
similar to those of other AGNs, including Seyfert galaxies,
QSOs, and some BL Lac objects with flat-Xray spectra.

EXOSAT measurements of the spectral index are subject to
too large error bars to search for any correlation between flux
and spectral index. On the other hand, between the two Ginga
observations separated by ~ 2 years, the X-ray spectrum of 3C
390.3 fattened as its 2-20 keV luminosity decreased from
(2.57 £ 0.06)h~2 to (1.62 £ 0.05h~% x 10** ergs s~'. This
luminosity-spectrum correlation is reminiscent of the behavior
of Seyfert galaxies, in which X-ray flux decrease is often, if not
always, accompanied by spectral flattening {e.g., Pound et al.
1990; Matsuoka et al. 1990; Grandi et al. 1992). In QSOs and
BL Lac objects, the X-ray spectrum on the contrary tends to
become steeper as the source gets fainter (e.g., Makino et al.
1989; Sembay et al. 1992). In most other respects, however, 3C
390.3 does not resemble Seyfert galaxies. For example, the iron
K-edge absorption feature and low-energy absorption, both
quite common to the X-ray spectra of Seyfert galaxies, have
not been detected in the 3C 390.3 spectra. In addition, the
intense radio emission from the nucleus and from the lobes of
3C 390.3 provides the most outstanding difference of this
object from Seyfert galaxies.

When 3C 390.3 is X-ray bright, its X-ray flux lies above the
smooth extrapolation of radio-IR wide band spectrum (Fig. 6),
thus bearing close similarity to radio-loud QSOs (e.g., Ohashi
et al. 1992). It is therefore likely that a major fraction of X-rays
from 3C 390.3 is emitted through the same mechanism as those
from radio-loud QSOs. A favorite model in this case is
synchrotron-self-Compton (SSC) mechanism; low-energy
“seed ” photons produced via synchrotron radiation by rela-
tivistic particles are Compton up-scattered into the X-ray
region by the same electron population. The relatively slow
X-ray variation observed from 3C 330.3 supports this picture,
because the synchrotron cooling time of the electrons which
emit soft seed photons (typically in the radio frequency) is
expected to be quite long. Assuming that the electron spectrum
is kept constant, we further expect that the spectral slope of the
synchrotron component, hence of the self-Compton com-

INDA ET AL.

Vol. 420

§ 15 T T T T T T T 1 17
~ 3
% 14 |- 3C390 |
B
2 13F Ginga
E l"'. -
= 12F e L - -
2 ®e EXOSAT
S 1 -
8. “‘ 3.
= 10, ¢®%e .
E; 9 L L1 4 1t 11311

7 9 11 13 15 17 19

Log Frequency (Hz)

FiG. 6—Wide-band spectrum of 3C 390.3. Radio and IR observations refer
to Poggioli (1991), which are not simultaneous ones. Present EXOSAT (1984
day 153) and Ginga (1988 day 316-317) observations are also shown in the
figure.

ponent too, depends on the change of the electron injection
rate rather than the injection rate itself; when the injection rate
increases, the spectrum flattens temporarily on time scales
shorter than the relevant synchrotron cooling time. In other
words, we should not expect unique relation between instanta-
neous X-ray intensity and spectral slope in the SSC scheme.
The apparent spectral flattening observed in the fainter Ginga
data may be manifestation of such a complex hysteresis
between flux and spectrum.

4.3. Iron Line Emission

We have obtained a firm evidence of iron K-line emission
from 3C 390.3, with EW of order 100 eV, although we could
not constrain the ionization state of iron. Previous iron line
detections from high-luminosity AGNs have been limited to a
few cases, including the radio-loud QSO 3C 273 (EW ~ 50eV;
Turner et al. 1990), the radio-quiet QSO 18214643
(EW ~ 150 eV; Kii et al. 1991), and the broad-line radio galaxy
3C 382 (EW ~ 280 eV; Kaastra, Kuniera & Awaki 1991)
whose luminosity was about one-fourth of the 1988 luminosity
of 3C 390.3. Williams et al. (1992) obtained upper limits of
order 100 eV on the iron line EW for about a dozen QSOs
observed with Ginga. From Seyfert galaxies, iron lines have
been observed much more commonly, with EW reaching 200
eV or more (Pounds et al. 1990; Matsuoka et al. 1990). These
lines have been interpreted as due to fluorescence from cool
and warm materials around the central continuum source. On
the other hand, iron lines have not been observed from BL Lac
objects and OVV quasars, and the obtained upper limits are
sometimes as stringent as ~ 20 eV (Makino et al. 1989).

These results altogether suggest that iron line EW from these
sources is inversely correlated to the continuum luminosity.
This tendency has been investigated by Iwasawa & Taniguchi
(1993), who call it “ X-ray Baldwin effect.” Although the inter-
pretation is complex, for QSOs and radio galaxies the inverse
correlation is likely to include the effect of continuum enhance-
ment due to beamed emission. In this sense, the detection of
iron line from 3C 390.3 with a moderate EW is reasonable,
since the radio jets and the evidence of superluminal motion
clearly indicate beamed emission for 3C 390.3 but the promi-
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nent radio lobes indicate that the beam is not directly pointing
toward us.
4.4, Radio Lobe Confinement

The Ginga observations have constrained the thermal X-ray
luminosity of 3C 390.3 to be less than 1h~2 x 10*3 ergss™' in
2-20 keV, for thermal temperature of kT <10 keV or
T < 1.2 x 10® K. This implies that any spherical and uniform
hot gaseous halo around 3C 390.3, of an assumed radius R, 4,
x 100 kpc and temperature T; x 107 K must have electron
density less than 2.8 x 10R; 32T ¥*h~ ! cm™3. Here we use a
relation that bolometric bremsstrahlung luminosity of a fully
ionized hydrogen plasma with volume V (cm?), temperature T
(K), and uniform electron density n, (cm™3) is given as
10725p2V T2 ergs s~ ! for T > 107 K. This constrains the
thermal pressure of the halo to be less than 4
x 10" VR 32Tt ergsem 3.

This limit is comparable to the hydrostatic pressure required
to confine the radio lobes of 3C 390.3 calculated by Hargrave
& MCcEllin (1975) based on the radio results, namely (2-6)
x 1071% and 2.4 x 107! ergs cm ™3 for the south and north
heads of the radio lobe, respectively. Thus we cannot make
definite statement, either affirmative or negative, as to the case
of hydrostatic confinement of the radio lobes by hot halo.
However, Figure 5a gives an order of magnitude tighter limit
on the thermal luminosity, if the hypothesized hot halo is
cooler than kT = 2 keV as is usually the case for individual
elliptical galaxies and poor clusters of galaxies. It therefore
seems likely that some other mechanism, e.g., magnetic con-
finement, is operating in the radio lobes of 3C 390.3.

5. CONCLUSIONS

The radio galaxy 3C 390.3 was observed in X-rays by the
EXOSAT and Ginga satellites over the period 1984-1991. The
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main results of these observations are as follows:

1. In the 2-20 keV energy band the source luminosity was
found to be Ly ~ 10** ergs s!. Long-term X-ray time varia-
bility with a large amplitude (more than an order of
magnitude) on a time scale of years was confirmed.

2. High-quality X-ray spectra were obtained, especially with
Ginga. The continuum X-ray spectra obtained with EXOSAT
and Ginga are well described with unabsorbed power-law
model with the photon slope in the range 1.5-1.8. There was a
change of slope between the two Ginga observations within an
interval of ~2 years; it flattened by ~0.2 as its 2-20 keV
luminosity decreased by ~40%.

3. Iron K-emission line was for the first time detected from
this source with the Ginga observations. The line EW was of
order ~ 100 eV. We could not determine the line origin within
the error bars. Iron K-edge feature was not detected.

4. We derived upper limits on the thermal component from
3C 390.3 of less than 1A% x 10*3 ergs s™! in 2-20 keV for
thermal temperature of kT < 10 keV. This upper limit is not
yet tight enough to completely exclude the confinement of the
radio Iobes by thermal pressure of extended hot gas.
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ABSTRACT

We present aperture and surface photometry of the Seyfert galaxy NGC 7172, which
is a member of the compact group HCG 90, and has a prominent equatorial dust lane.
We use the observed colour excess in the dust lane, obtained from broad-band B and
V images, to estimate the neutral hydrogen content as MJ'=2.6x10® M and
log{ My,/Lz)= — 1.8. We analyse the flux from NGC 7172 at various wavelengths and
discuss the properties of the interstellar medium in the galaxy. Based on the results
from surface photometry, and the properties of the interstellar medium, we conclude
that the morphology of NGC 7172 is of type S0-Sa.

Key words: galaxies: active - galaxies: individual: NGC 7172 - galaxies: ISM -
galaxies: photometry - galaxies: Seyfert - galaxies: structure.

1 INTRODUCTION

Studies of the morphology and stellar content of the host
galaxies of Seyfert nuclei (Adams 1977; Simkin, Su &
Schwarz 1980; Yee 1983; MacKenty 1990) have shown that
almost all Seyferts occur in early-type normal or barred
spirals. The disc parameters of the host galaxies are similar
to those of normal spirals (Yee 1983; MacKenty 1990,
Kotilainen & Ward 1994), while the colours are redder than
in the normal galaxies, which is explained as being due to
dust extinction in the optical and reradiation from this dust
in the infrared (Kotilainen & Ward 1994).

Nuclear activity can influence the interstellar medium in
the host galaxy, as evidenced by the detection of extended
line-emitting regions on kiloparsec scales in many Seyferts
(Unger et al. 1987; Baum & Heckman 1989; Wilson 1992),
and theoretical studies of the effect of continuum radiation
on the interstellar medium (Begelman 1985; Shanbhag &
Kembhavi 1988; Storchi-Bergmann, Mulchaey & Wilson
1992). The interstellar medium is an indicator of star forma-
tion activity in galaxies, and an important tool in the study of
their structure, dynamics and evolution.

In this paper we report observations of the Seyfert
NGC 7172, an Sa(pec}-type spiral galaxy (de Vaucouleurs,
de Vaucouleurs & Corwin 1976) with a strong equatorial
dust lane. Using colour differences between the dust lane and
the body of the galaxy, we obtain an estimate of the total
neutral hydrogen content in the dust lane. We further use
published far-infrared (FIR) and CO fluxes to study the dust
properties in the galaxy.

NGC 7172 belongs to a compact group (HCG 90) includ-
ing NGC 7173 (E2), NGC 7174 (Sb pec) and NGC7176
(EO0) (Hickson 1982). Sharples et al. (1984) discovered the
active nucleus based on a search of galaxies in HEAO-A2
X-ray source error boxes (Piccinotti et al. 1982). They clas-
sified the nucleus as Seyfert 2 on the basis of narrow widths
of its emission lines. The nucleus is heavily obscured by the
dust lane. The Balmer decrement Ha/HB > 6.5 (Sharples et
al. 1984) and polarization studies (Brindle et al. 1990)
indicate strong reddening. Assuming case B recombination,
the Balmer decrement implies E(B—V)=0.77 mag. For
standard Milky Way dust and dust-to-gas ratios this is
equivalent to a neutral hydrogen column density =4 x 10%'
atomem™2

Results from surface photometry of this object in the near-
infrared (NIR) and optical wavelengths have been presented
in a series of papers by Kotilainen et al. (1992a,b) and
Kotilainen, Ward & Williger (1993, hereafter KWW ). These
studies were, however, restricted to the inner 30-arcsec
radius, which is too small to define the disc structure. We
present results of surface photometry based on broad-band
optical CCD images reaching out to radii of 70 arcsec.

2 OBSERVATIONS AND DATA REDUCTION

BVR CCD images of NGC 7172 were obtained at the prime
focus of the CTIO 4-m telescope in 1983 August 17, as a
part of a programme (KWW) to study Seyfert galaxies in the
Piccinotti sample of hard X-ray-flux-limited AGN (Piccinotti
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et al. 1982). The seeing was ~ 1.5 arcsec. The images were
bias-subtracted and flat-field-corrected, following the
standard procedure. The sky background was subtracted by
taking the mean sky value from regions clearly unaffected by
the galaxy (r= 100 arcsec) and stars. The R frame was found
to be out of focus, and so the irnage was not used in surface
photometry. The aperture photometry is not as seriously
affected, since we obtain the average values over apertures of
size larger than the defocused point spread function (PSF)
value.

Transformation coefficients to the standard BVR system
were derived from observations of six standard stars in the
E-region standards list (Graham 1982). The transformation
equations relating the instrumental magnitudes to the
standard system are

B-V=1348(b-v)-0.230,
V-R=0.677(v—r)+0.046,
V.  =u-1447-0235B-V),

where b, v and r are the instrumental magnitudes. No
atmospheric extinction correction has been applied to the
data since the observations were made close to the meridian,
at airmass < 1.5. All reductions were performed using IRAF
and other assoctated packages.

2.1 Colour map

The V and R frames were aligned to the B frame using stars
in the frames and applying a shift + rotation transformation.
B -V and V- R colour maps were then obtained. Fig. 1{a)
shows the B—V colour map of the galaxy. The B—V and
V—R colours of the galaxy are approximately constant
outside the dust lane, with mean colours
(B-1=0.90%£0.03 and (V-R)=0.88+0.05. The bad
focus in the R frame would increase the systematic error in
the V—R colour about the estimated mean, but not the
constancy of the value. We do not, however, use the V—R
colour map in further analysis.

Fig. 1(b) shows a plot of the B — V colour across the dust
lane. Along the dust lane, the colours indicate an increase in
reddening towards the centre (Fig. 1a). There is an extremely
blue region of size = 13 arcsec, about = 45 arcsec east of the
nucleus. The colour of this region, corrected for an
E(B-V)=0.77 (Sharples et al. 1984), is
B—-V=-025%0.05. This value compares well with the
colours of giant extragalactic Hn regions with massive stars
(Mayya 1993).

2.2 Aperture photometry

BVR magnitudes of the galaxy were obtained using circular
apertures of sizes 3, 6, 9, 12, 18 and 24 arcsec diameter on
the images, with the origin on the central pixel of the galaxy.
The magnitudes, zero-point-calibrated with respect to the
estimates of Hamuy & Maza (1987), are listed in Table 1;
also tabulated are the magnitudes from these authors and
KWW. The magnitudes estimated by us are in agreement
with the other estimates, within errors.

2.3 Surface photometry

Elliptical isophotes were fitted to the galaxy using the ellipse-
fitting routine in the sTspas software package, which is based
on the method outlined by Jedrzejewski (1987). The fore-
ground stars in the galaxy region were masked and excluded
from the isophotal analysis. Ellipses of mean intensity were
iteratively fitted to isophotal contours for different lengths of
the semimajor axis, starting with trial values of ellipticity,
position angle and ellipse centre. The fitting program
estimates the first two harmonics of the Fourier series
representing the deviations from the trial ellipse, and mini-
mizes these to obtain the best-fitting ellipse. Parameters of
this ellipse, such as mean intensity along the isophote, ellip-
ticity and position angle are then estimated. The third and
fourth harmonics of the residual intensity from the best-
fitting ellipse are then evaluated using the method of least
squares.

The fitting was started from the 6-arcsec isophote, which
is unaffected by the seeing PSF of 1.5-arcsec FWHM.
Ellipses were fitted outwards up to 70-arcsec radius along
the major axis, and inwards up to the centre. The semimajor
axis length for each successive ellipse was increased (or
decreased) by 10 per cent. The ellipse centre was held fixed
during the fitting. In Fig. 2, we show the isophotal contours
with the fitted ellipses. The latter are seen to fit well to the
contours outside the dust lane.

3 ANALYSIS AND RESULTS
3.1 Estimation of neutral hydrogen

H1 21-cm line studies by Bottinelli, Gouguenheim & Paturel
(1980) give an upper limit to the total neutral hydrogen
content as M,;, <7.4 x 108 M. X-ray observations imply a
high absorbing column Ny, =92}"x 10?2 cm~2, an order of
magnitude greater than that implied by the IR and optical
extinction, and also 21-cm line measurements (Turner &
Pounds 1989; Warwick et al. 1993). The Galactic foreground
reddening to NGC 7172 is small, Ny(21 cm)=1.65x 10>
atom cm™ 2 {(Elvis, Lockman & Wilkes 1989).

Table 1. Aperture photometry.

Filter Aperture Size This Work Ketal' HM?

{arcsec)
B 3.0 7.82 1747
6.0 6.63 16.38
9.0 6.02 15.84
12.0 5.60 15.47
18.0 5.04 15.10
24.0 4.67 14.61
14 3.0 6.48 16.33
6.0 5.35 15.22
9.0 4.80 14.70
12.0 441 14.34
18.0 3.91 13.97
24.0 3.58 13.51
R 3.0 5.95 15.50
6.0 4.73 14.47
9.0 4.12 13.96
12.0 3.71 13.59
18.0 3.18 13.22
24.0 2.83 12.78
TKWW.
*Hamuy & Maza (1987).
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We estimate here the neutral hydrogen content using the
optical extinction due to dust measured from the B—-V
image. The extinction E(B — V') in the dust lane is estimated
as

E(B - V) =(B - V)dusl_(B_ V)gal'
3.1.1 Effective optical depth

If we assume very little or no extinction in the galaxy outside
the dust lane, then an estimate of the unobscured galaxy
intensity along the dust lane may be obtained from a smooth
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model of the galaxy generated using parameters of the fitted
ellipses. The task BMODEL in sTspas has been used to con-
struct such a smooth galaxy model, linearly interpolating the
intensity values between the ellipses. The observed in-
tensities when divided by the model galaxy give an estimate
of the optical depth A; across the dust lane.

We have obtained the optical depth in both B and V bands
in this manner, and find the values to be close to unity except
in the dust obscured regions. Using a 3 X 9 arcsec? aperture
along the dust lane, we estimate the ratio A z/A, and find it
to be nearly constant, with mean value (Az/A4,)=127£0.2.
This value is similar to that determined for the interstellar
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Figure 1. (a) B—V colour map of NGC 7172. Lighter regions correspond to redder colours. Range in B — V' is between 2.5 and 0.52 mag. X
denotes the centre. (b) B — V across the galaxy, averaged over 10 pixels about the centre, showing the increase in reddening due to the dust lane.
Scale: 1 pixel = 0.6 arcsec. Pixel 122 corresponds to the centre of the galaxy.
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Figure 3. Distribution of N(H 1) along the equatorial dust lane plotted as a function of distance from centre.

Table 2. Neutral hydrogen column density.

Ng1/10% Method Source
atoms cm™?
4 Balmer decrement Sharples et al 1984
<10 21 cm line at z=z(NGC 7172) Bottinelli et al 1980
90+1% X-ray low energy cut-off Warwick et al 1993,
Turner & Pounds 1989
4.540.5 This work

Optical extinction, (B — V) colour

dust extinction in our Galaxy (Savage & Mathis 1979). IR
spectra of the nucleus (Roche et al. 1991} indicate that the
extinction in NGC 7172 is predominantly due to silicate
absorption. The dust properties in NGC 7172 may therefore
be considered similar to those in our Galaxy.

3.1.2 Neutral hydrogen

The atomic hydrogen column density N(H1) and the total
hydrogen column density N(H1+ H,} are correlated with the
colour excess E(B—V) in our Galaxy (Savage & Mathis
1979). Assuming homogeneous distribution of gas and a
dust-to-gas ratio in NGC 7172 similar to that in our Galaxy,
we have (Burstein & Heiles 1978)

NH)/E(B-V)=5.0x 10" atomcm~2mag~".

We have obtained the distribution of the colour excess
E(B-V) along the dust lane using the same 3% 9 arcsec?

aperture as above, and converted this to a distribution of H1
column density using the above equation; this is shown in
Fig. 3. The column density around the nucleus is estimated
to be 4.5 x 102! atom cm™ 2, In Table 2 we list the estimate of
Ny, along with the estimates based on 21-cm line, spectro-
scopy and X-ray observations. The Ny, estimate from the
Balmer decrement and the optical extinction are similar and
also consistent with the upper limit estimated from 21-cm
line measurements. X-ray observations give a much higher
value.
The total H1content in the dust lane (34 X 9 arcsec?) is

Nyt =D? [ Ny, d,

dust

where D is the distance to the galaxy used to convert the
angular sizes in arcsec to the physical sizes in kpc, and the
integration is performed over the dust lane with a beam size
dQ, which in this case is the size of the aperture used. Using
D =33.9 Mpc (Tully 1988) and the estimate of N, obtained
from the map, we get for the total number of H1 atoms and
mass,

Ny =3 x 10 atom, Mo =26x10" M.

Using the Galactic dust-to-gas ratio of ~ 100 (Burstein &
Heiles 1978), the dust mass is My=2.6 X 10° M. Table 3
lists the hydrogen and dust mass estimates. The mass of H1
estimated here is a lower limit, since we are unable to
estimate the Hi in regions beyond the dust lane. The
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Table 3. Hydrogen and dust masses {in M,).

M Maw:  Mu, Method
<7x10% 21 em Line emission
2.6 x 10° dust lane (B — V) colour
2.6 x 10° Mg, and Galactic dust-to-gas
ratio
2.1 x 10° 100um flux
26x10° Lco and Galactic Lco to Ma,
ratio
1.6 x10°  Mgyux and dust to My, ratio for
spirals

estimated mass is consistent with the upper limit
My <7x10* Mg obtained from 21-cm observations
(Bottinelli et al. 1980; Sharples et al. 1984). Using
log L 5= 10.23 (Tully 1988), and our estimate of My, we get
a neutral hydrogen content of log(My,/L )= — 1.8, which is
much lower than the value —0.55+0.41 expected for an Sa-
type galaxy (Haynes & Giovanelli 1984).

3.2 Radial luminesity profiles

The light distribution of normal spiral galaxies can be
divided into two distinct components, a bulge and a disc. The

radial luminosity profile across the bulge can usually be
represented by a de Vaucouleurs model with the intensity
distribution Jyye % 107" where r, is the effective radius.
The radial profile across the disc is taken to be exponential
with scalelength r,, so that /. <e” "™ (Mihalas & Binney
1981). Spiral arms in the galaxy induce fluctuations about the
mean value in the profile, which average out when one goes
far out in radial distance. In the case of Seyferts, the active
nucleus at the centre contributes an unresolved source to the
profile.

We have modelled the observed radial profile of
NGC 7172 with bulge, disc and point-source components by
constructing model galaxies with the three components, and
convolving these with a PSF estimated from foreground stars
in the frame of the galaxy. The intensity profile of such a
model galaxy is defined by seven parameters: the effective
radius of the bulge r,, the disc scalelength r,, the central
bulge luminosity per square arcsec u;(0), the ratio of the disc
luminosity to bulge luminosity D /B, the ratio of the point
source luminosity to the bulge luminosity P/B, and the
ellipticity e, and e, of the bulge and disc respectively. The
best-fitting values for the seven parameters were obtained
from the observed intensities along the major axis, using the
method of least squares.

The observed profile and the best fits in B filter are shown
in Fig. 4, and the values of the fitted parameters are tabulated
in Table 4. The y? values are 1.8 for the B profile and 2.0 for

_4 TTII'IV]]I[IllllY]'TllDll‘I'(Illllllllilllll‘ll'lllllllIIIIIIlllIlAIIll'lITTI:
-3 Fit r<70 arcsec Bulge 3
" Disk 3
g Sum 3
[2] 3
[4] 3
Sy —
g E
w0 3
@ 3
E =
m 3
3
& 3
ITTTAVT T TCSVIIOT POV
10 20 30 40 50 60 70 80

Semi-major Axis (arcsec)
B AR R e L e L AR R AT
—3 F Fit 3.5<r<30 arcsec 3
v -2 E —i
g 3
g ~1E =
e E E
§ °F E
¥ 1E 3
E oF 3
/a £ 3
= 3F E
L E E
& 4 F E
6 b [SEETEE NS NSRS SRR ITENE SNUNUNNETE SNSNNTE RN VNN EU S IR R T AU
10 20 30 40 50 60 70 80

Semi-major Axis (arcsec)

Figure 4. Radial luminosity profiles in B filter, with the best fits to the bulge and disc components. Top panel: fit range r < 70 arcsec. Bottom

panel: fit range 3.5 < » <30 arcsec.
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Table 4. Best-fitting parameters for radial luminosity profile.

Fiter s} r} (0}t D/B P/B* o ed Source
B 226 265 173 0.2 004 045
vV 189 237 159 7.2 0.04 045 o VOF
B 200 91 44 335
Vv 235 103 59 358 KWw
B 290 536 176 111 0.04 0.47 This Work?

+mag arcsec ™2

* <3 arcsec.

'Fit range r <70 arcsec.

2Fit range 3.5 <r <30 arcsec.

the V profile. The nuclear point source is not detected by the
fitting routine. This is probably due to obscuration of the
nucleus by the dust lane, and also poor seeing conditions.
The fit was repeated with only five parameters, keeping e,
and e, fixed. This does not change either the x? or the values
of the fitted parameters significantly, and the nuclear source
still remains undetected. We also give in Table 4 the best-
fitting values obtained by KWW.

The disc scalelength estimated by us is a factor 2-3 larger
than the estimate of KWW, while the bulge scalelength is
comparable. Also, the D/B obtained by us is higher than
their value due to the fact that we estimate a larger disc. We
note that the disc length obtained by us is dominated by the
outer radii beyond 30 arcsec, and this region is not used in
the profile fit made by KWW. To see whether we can
reproduce the bulge and disc parameters obtained by them,
we have obtained a fit using the observed radial profile for
3.5 < r < 30 arcsec, which omits the central region influenced
by a possible point source, and at the large-r end extends
only to the limit covered by KWW. We omit the central
region since the point source is undetected, and also because
the bulge scalelength is dominated by points at 7> 3.5 arcsec.
The fit, which has a y? value 0.07, is shown in Fig. 4. While it
is excellent over the range of points used, the observed points
at larger radii lie substantially below the fit. This produces a
bulge scalelength similar to the previous estimate as well as
KWW, while the disc scalelength is different. The reason for
this discrepancy is not clear to us, and it could indicate that
the model used by us (and KWW ) is not applicable.

4 DISCUSSION

NGC 7172 appears as a far-infrared (FIR) source in the
IRAS catalogue (Knapp et al. 1989). Also, CO emission has
been detected by Heckman et al. (1989). We discuss in this
section the properties of the dust based on the published FIR
and CO fluxes. We also discuss the morphology of the galaxy
based on the estimates of neutral and molecular hydrogen
content, and the bulge and disc scalelengths obtained from
surface photometry.

4.1 Far-infrared emission and dust content

The FIR fluxes at 12-, 25-, 60- and 100-um bands are
0.4374+0.03, 0.7612+0.05, 5.712+0.3 and 12.29£0.61

Ty respectively (Knapp et al. 1989). The FIR ratio Fso/F o0
implies a dust temperature Ty~ 36 K. The total FIR flux,
estimated from the fluxes in 60 and 100 pm using

Fe=1.26(2.58 Fgg+ F100)X 10" Wm™?

(Heckman et al. 1989), is Frr=3.4x 107 Wm™?, and the
total FIR luminosity is Ly =1.2 % 10'° L,

The dust temperature in NGC 7172 is similar to that of
the general population of dust lane E/SO galaxies (Brosch
1987). Furthermore, the FIR ratios log(F,/ F;5)= —0.24 and
log(Feo/F100)= — 0.33 place the galaxy at an intermediate
position between galaxies in which the cool component is
important and those where OB star formation is responsible
for heating the dust. This implies that a minor fraction of the
FIR emission is due to Galactic cirrus, while a major fraction
of the emission is due to heating of dust by young stars,
indicating ongoing star formation, and also due to heating of
dust by the central active nucleus.

The total dust mass estimated from the 100-pm flux and
using the relation by Bothun, Lonsdale & Rice (1989),

M= 5D} Froolexp(144/Tg)— 1]Mo,

is M,=3.8x 10°M,,. Using the relation by Thronson et al.
(1988),

M= 11D§4chmo[eXP(96/Td)— 1]M,,

we estimate M,=2.1x 10° M. These estimates are similar
to the dust mass estimated using our optical data, in Section
3.1.1, and are listed in Table 3.

Young et al. (1986) find the molecular hydrogen to dust
mass ratio to be ~ 500 for spiral galaxies. Using this, we have

M,,,=1.6 x10° Mo.

The molecular hydrogen mass may be obtained independ-
ently from CO luminosity (Young et al. 1986):

My, =6% 10°Leo Mo,

where Lco is in K km s™! kpc?. With this relation and
Leo=044%10°K km s~ kpc? (Heckman et al. 1989), we
have

M,,=2.6%10° Mo.

This is in good agreement with the JRAS-derived M,,,. The
total gas content in NGC7172, My +M,, is therefore
Mg, ~2.3%10° Mg, with My, from Section 3.1.2 and My,
taken to be the mean of the values obtained from JRAS and
CO measurements.

4.2  Morphology

NGC 7172 is classified as Sa(pec) (de Vaucouleurs et al.
1976). The neutral hydrogen mass estimated from 21-cm line
observations and the optical extinction give a neutral hydrogen
content — 1.8<log(M,;,/Ls)<—1.4. The neutral hydrogen
content in Sa galaxies is log{My /L )= —0.5510.41, while
in E and SO galaxies it is log{M,; /L 5)= —0.74 £ 0.37 (Haynes
& Giovanelli 1984). The estimated value of log(My,/L,) in
NGC 7172 is much less than the observed values for SO gal-
axies, which implies that the galaxy could be an elliptical.
However, radial luminosity profile fits give a bulge scale-
length r,=3.01 0.3 kpc, and a disc scalelength 7,=4.0+ 03
kpe. These values fall well within the range of scalelengths of
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S50/Sa galaxies (Mihalas & Binney 1981). It thus appears that
NGC 7172 is Hi-depleted.

The molecular hydrogen in atomic hydrogen mass ratio is
My, /My, ~ 3-8. This value is similar to that seen in S0/Sa
galaxies, for which M, /My, =4.0+1.9 (Young & Scoville
1991).

5 CONCLUSIONS
We draw the following conclusions.

(1) The neutral hydrogen mass in NGC 7172 estimated
based on the optical extinction in the dust lane is
My, =2.6 X 10* M,,. This value is consistent with the upper
limits obtained from 21-cm line estimates.

(2) The FIR fluxes imply a dust temperature 7,~ 36 K,
and a dust mass M, =3.0x 10° M. The mass of molecular
hyrogen estimated based on the dust mass, and also using the
CO luminosity, is My, = 2.1 X 10° M.

(3} The total gas content in NGC 7172, My + M, , is
~2.3%x10°M,.

(4) The neutral hydrogen content —1.8<log(M,; /L)
< — 1.4, molecular hydrogen to atomic hyrogen mass ratio
M, /My, ~3-8 and the bulge and disc scalelengths
r,=3.01203 kpc, r;=4.0+£0.3 kpc, together indicate a
morphological type S0-Sa for the galaxy.
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AN ASCA GIS SPECTRUM OF S5 0014+813 AT z =3.384
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ABSTRACT

ASCA has detected the z = 3.384 quasar S5 0014+ 813 up to energies of 34 keV in the quasar rest frame
using the two GIS instruments. The combined X-ray spectrum has a signal-to-noise ratio of over 50 ¢ and is
consistent with a single power law of energy slope 0.63 1. 0.03 over the 0.8-8 keV (observed) energy range.
The spectrum is also well fitted with a simple thermal bremsstrahlung model of kT =40 + 4 keV (in the
quasar frame), which raises obvious possibilities for contributions to the diffuse X-ray background.

A maximum solid angle of Q,/2n = 0.4 (30% confidence) can be placed on the strength of a Compton reflec-
tion component above the energy of the Fe K-edge. The Fe K 6.4 keV fluorescence line has a rest frame
equivalent width <120 eV (90% confidence) at its redshifted energy of 1.46 keV. The weakness of these fea-
tures differentiates this high-luminosity, high-redshift quasar from the majority of Seyfert galaxies using its
X-ray spectrum alone. The GIS slope is consistent with the slope derived by the ROSAT PSPC. The normal-
ization at 1 keV in the ASCA observation is, however, a factor 30%-40% higher than in the ROSAT observa-
tion, suggesting a significant increase in the 1 keV (observed) flux over the 31.5 months between the two

observations (7.2 months, rest frame).

Subject headings: diffuse radiation — galaxies: active — quasars: general —

quasars: individual (S5 0014 +813)

1. INTRODUCTION

X-ray observations of AGNs are heavily biased toward
X-ray-loud objects of low redshift and moderate luminosity
(Elvis 1991). Moreover, these X-ray spectra tend to be taken at
low energies, less than ~ 3 keV for Einstein (Shastri et al. 1993)
and ROSAT spectra (Walter & Fink 1993; Fiore et al. 1994,
Laor et al. 1994), and less than ~ 10 keV for Ginga spectra
(Williams et al. 1992; Lawson et al. 1992). Naturally we would
like to know the form of AGN spectra at higher energies and
how the many features seen in the low-redshift, low-luminosity
AGNs extrapolate to extreme examples of the AGN popu-
lation.

ROSAT PSPC spectra have allowed some determination of
spectral slopes for quasars at high redshift and luminosity
(Elvis et al. 1994a; Bechtold et al. 1994) in the 1-10 keV
emitted range. Unfortunately, the common low-energy cutoff
discovered with the PSPC, due possibly to absorption, leads to
poorly determined slopes (Elvis et al. 1994a).

ASCA (Tanaka, Holt, & Inoue 1994) now provides the sensi-
tivity to explore higher energies for the brightest quasars at
z ~ 3. The ASCA Gas Imaging Spectrometer (GIS; Maki-
shima et al. 1994) instruments, in particular, are able to deter-
mine spectral slopes over the 3-8 keV and 8-30 keV emitted
energy ranges to good accuracy. These energy ranges are
optimal for setting constraints on Fe K fluorescence emission
and on Compton reflection components (Lightman & White
1988; Guilbert & Rees 1988) which begin above 8 keV in the
rest frame.

! Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam-
bridge, MA 02138. E-mail: elvis@cfa.harvard.edu

2 RIKEN, the Institute of Physical and Chemical Research, Wako,
Saitama, Japan.

3 Osservatorio Astronomico di Roma, vis dell'Osservatorio 5,
Monteporzio-Catone (RM), 100040 I1aly.

4 Max-Planck Institut fiir Extraterrestrische Physik, W-8046, Garching bei
Miinchen, Germany.
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Accordingly we observed S5 0014 + 813 with ASCA. This is
a z = 3.384 quasar (Kiihr et al. 1983) and is among the highest
X-ray flux quasars known with z ~ 3, Indeed, it is the only
z~3 quasar to have a 2-10 keV spectrum reported by
EXOSAT (Lawson et al. 1992).

2. ASCA GIS OBSERVATIONS OF S5 0014+ 813

The quasar was observed on 1993 October 29 for a total
good exposure time of 31.5 ks in both GIS2 and GIS3. We
applied the standard conservative data filters: a minimum ele-
vation angle of 15° above Earth’s limb, and a minimum cutoff
rigidity of 8 GeV ¢~ !. We also excluded data acquired in the
first 60 s following each passage through the SAA. The source
was readily apparent in the center of the GIS field of view, and
the source centroid is 1.5 from the optical position, an offset
typical of ASCA data at present. A total of 2904 and 3244
counts were recorded within a 6’ radius circle centered on the
quasar in GIS2 and GIS3, respectively.

The background within the source extraction region was
estimated in two ways:

1. The backgrounds were taken from annuli of inner and
outer radii between 10’ and 17'.

2. Background events were extracted from the same region
as the source events in blank sky background event files, pro-
vided by the ASCA Guest Observer Facility (the files being a
superposition of 15 blank sky fields observed during the ASCA
PV phase [1993 May-1994 March] with a total exposure time
of 350 ksec), for the same values of cutoff rigidity (>8 GeV
¢~ !} used for the source events.

The former background was significantly smaller than the
latter (by a factor ~0.75) as expected due to the vignetting of
the XRT. In the following we present the results obtained with
the second background subtraction method. We point out,
however, that the shapes of the spectra obtained with the two



L56 ELVIS ET AL. Vol. 436
TABLE 1 these two sources is negligible, but this caveat should be borne
ASCA OBseRVATIONS OF S5 0014 +813 in mind.
Exposure Background Net Counts
Instrument Counts (s) (counts) s 3. SPECTRAL FITS
Y In all spectral fits we used the response matrices
e S - P 47+ o s “g2v3_1_dc” (1994 April 20) provided by the ASCA Guest

methods agree to within ~3%. The total background is
~40% of the source counts, leading to a total of about 2200
net counts and a 40 ¢ spectrum of S5 0014 +813 in each GIS
(Table 1). The ASCA point-spread function (PSF) in the GIS
puts ~10% of the flux of a point source with a spectrum
similar to that of S5 0014 + 813 outside the ¢’ radius used here.
All reported fluxes are corrected for this. Fluxes are not cor-
rected for dead-time effects. The highest energy at which the
quasar is detected at the 3 ¢ level is 7.7 keV (bin width of 0.3
keV), which corresponds to 34 keV in the emitted frame.

A complication is the presence of two sources in the ROSAT
PSPC image within 6’ of the quasar. In the ROSAT band, the
count rate of these sources represents 90% of that of the
quasar. The brighter source (80% of S5 0014 + 813), 5 from the
quasar, is probably identified with a ¥ = 8.8 KO star (HD 1165,
SAO 44, PSPC offset = 9”). The fainter source (10% of S5
0014 + 813), only 1'5 from the quasar, is unidentified. It has a
PSPC hardness ratio [R=(H-S)/(H+S)=0.76 1 036,
where § is the 0.1-0.4 keV band and H is the 0.4-2.4 keV
band] similar to the quasar, suggesting that it is outside the
substantial Galactic Ny, (14.4 x 102° atoms cm ~2; Stark et al.
1989) in this direction. HD 1165 is detected in the 4SCA SISO
image of the field (Elvis et al. 1994b). Its count rate is about
10% of that of the quasar in the 0.8-2 keV band and is only 2%
in the 2-8 keV band. We shall assume the contribution from

Observer Facility. Note that, because of the small count rates,
statistical errors dominate over systematic errors from the
two instrumental responses. The results of all fits are given in
Table 2.

A single power-law fit gave no significant evidence of excess
absorption in either GIS, so we fixed Ny, to the Galactic value.
The GISs are not sensitive to column densities smaller than
10%! atoms cm ™2 in any case. For a power law, the two instru-
ments agree well (to 20% in normalization, 2% in slope), and
both give good %2, so we made a simultaneous joint fit (letting
the normalization in the two instruments be free to vary).
This gave an energy slope of 0.63 + 0.05, consistent with the
ROSAT PSPC slope of 0.8 + 0.2 (assuming Galactic Ny).
Adding the PSPC spectra simultaneously gives the same
results. Allowing an extra absorption component at the quasar
redshift gjves a 90% upper limit to the intrinsic absorption is
2.6 x 10%2 atoms cm™ 2. Figures 1 and 2 show the fit and
residuals to all three data sets.

A thermal bremsstrahlung spectrum fitted the joint GIS data
just as well as a power law. Such a fit is constrained on both
sides and gives a rest frame temperature of 39 + 4 keV. This is
a temperature of some interest.

More complex spectra are not required. To investigate the
presence of curvature we fitted a power law to the PSPC-GIS
data above and below 2 keV (8.8 keV in the quasar frame)
separately. No slope change is seen greater than 0.2 (1 ¢). A
complete Compton reflection model fit to the GIS data using a
cold flat disk for the reflector gave a 90% upper limit (for two

TABLE 2
GIS ASCA POwER-LAw SPECTRAL FITs FOrR S5 0014+ 813

Energy range

ag, or kT* Normalization

Instruments (keV) (10?2 alor:s cm™?) [Q./2x] (107*keVs 'em~ 2 keV™Y) x3(dof)
Power-Law
GIS2 .. 0.8-8 022 £ 0.12 0.69 +0.14 61410 78.1 (58)
GIS2 vovervreeaenne 0.8-8 0.144FIX 0.62 + 0.05 55403 79.1 (59)
GIS3 (et 08-8 023 + 012 0.72 £ 0.13 73412 49.2 (67)
[€) KX S 0.8-8 0.144FIX 0.63 + 0.05 65+03 50.4 (68)
GIS243 .oerinnennes 0.8-8 022 + 0.09 0.70 £+ 0.09 127.5 (127)
GIS2+3 ...l 0.8-8 0.144FTX 0.63 + 0.03 129.5 (128)
PSPC+GIS2+3...... 0.2-8 0.144FIX 0.63 + 005 149.8 (147)
0+20°
PSPC+GIS2+3...... 0.2-2 0.144FIX 0.67 +0.17 . 65.0 (55)
GIS2+3 el 2-8 0.144FIX 0.68 + 0.05 .- 81.9 (88)
Thermal Bremsstrahlung
PSPC+GIS2+3...... 02-8 0.144F1X 389741 149.6 (148)
GIS2+3 .o 088 0.144F1X 396142 .. 125.6 (128)
Reflection
PSPC+GIS2+3...... 08-8 0.14FTX 0.63 + 0.03 149.8 (147)
[0.0 +0.3]
GIS2+3 ..o 02-8 0.144F1X 0.62 + 0.03 129.5 (127)
[00 +04]

* In keV, in quasar rest frame, for thermal Bremsstrahlung fits.
% Column at z = 3.38.
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FiG. 1.—ASCA GIS + PSPC X-ray spectra of S5 0014 + 813. The solid line
shows the best-fit single power-law model fitted from 0.2 to 8 keV. Energies are
in the observed frame.

interesting parameters) of Q,/2n = 0.4 to the solid angle sub-
tended by the disk. (Adding the PSPC data tightened this limit
slightly to 0.3.) None of the fits is improved by an Fe K fluores-
cence line at 6.4 or 6.7 keV (emitted, 1.46 keV; 1.53 keV,
observed, respectively; Ax? < 1). A 90% upper limit to the
equivalent width for an intrinsically narrow line at 1.46 keV is
27 eV {observed frame, 120 eV emitted). The 90% limit for a
narrow line at 1.53 keV is EW = 31 eV (EW = 140 eV, quasar
frame).

The mean GIS normalization for a power-law fit, when cor-
rected for the PSF loss, is a factor 1.4 above that of the ROSAT
data and suggests variability in the 31.5 months between the
two observations (7.2 months in the quasar frame). If this light-
travel time radius corresponds to 10 Schwarzschild radii, then
M <4 x 10'* M. The EXOSAT | keV normalization is
close to the PSPC value and the EXOSAT slope (0.9 + 0.4) is
fully consistent with both the ASCA GIS and PSPC values (see
Bechtold et al. 1994).

The flux of S5 0014+ 813 in the 1-8 keV observed band is
3.2 x 1072 ergs s™! cm ™2, which corresponds to a 4-30 keV
luminosity of 1.1 x 108 ergs s~ !, about 2.5 times greater than
the inferred ROSAT rest frame luminosity of 4.4 x 10*7 ergs
s~ 1, (the GIS 2-10 keV luminosity is 6.2 x 10*7 ergs s~ !) for
Hy =350 km s™! Mpc™?!, and Q = 0. The GIS X-ray lumi-
nosity requires a central black hole mass ~ 10'° M, in order

ASCA GIS SPECTRUM OF S5 0014+ 813 LS

® GIS 2

£

@t

“ GIS 3

Q_PSPC—_ ]

g‘_ ; | lﬂ#l l :
[ + It m | |

0.2 05 1 2 5
channel energy (keV)

FiG. 2—Residuals after subtracting the best-fitting 0.2-8 keV power law
from the ASCA GIS and PSPC spectra of S5 0014 + 813. Energies are in the
observed frame.

not to violate the Eddington limit, which does not conflict with
the variability limit. If the bolometric luminosity could be used,
then the two limits would become very close.

4. DISCUSSION AND CONCLUSIONS

We have detected a z = 3.384 quasar up to 34 keV in the
quasar frame with the ASC4 GIS. With a S/N of ~50 ¢ the
GIS measurements of high-redshift quasars currently give us,
paradoxically, our best measurements of quasar spectra above
10 keV* and approach the quality of spectra for bright Seyfert
galaxies from Ginga.

A thermal bremsstrahlung fit gives a temperature of 39 + 4
keV (quasar frame). Similar temperatures were reported to two
other high-z quasars by Serlemitsos et al. (1994), unfortunately
without quoted uncertainties. The closeness of these three tem-
peratures to the X-ray background temperature (40 &+ 5 keV;
Marshall et al. 1980) is remarkable. Superficially it suggests
that AGNs produce the X-ray background. Radio-loud, z = 3

* The only other quasar with a high S/N spectrum above 10 keV (emitted)
was 3C 273 (Turner et al. 1990). However, an observation of a transient source
of equal or greater strength to 3C 273 at 60 keV only 15’ from 3C 273 (GRS
1227+ 025; Bassani et al. 1991) puts in doubt the reliability of the large-beam
Ginga measurement.
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quasars such as those observed with ASCA cannot themselves
produce the XRB, being too rare and redshifted down to
kT ~ 10 keV. However, OSSE also gives a temperature of ~45
keV (Johnson et al. 1994) for low-z AGNs. That AGNs from
opposite ends of the luminosity, redshift, and radio-loudness
scales gives the same temperature suggests a remarkably
uniform process at work, such as the Klein-Nishina cross
section, and may allow the background spectrum to be pro-
duced by AGNss.

A power-law fit gives a slope az = 0.63 + 0.03 and needs no
additional components down to quite tight limits: a Lightman
& White (1988) Compton reflection component is not required
and the 90% limit to the solid angle subtended by the disk is
Q,/2n = 04; a narrow 6.4 keV (rest frame) iron line is not
required by the fit either, and the 90% limit on its rest frame
equivalent width is 120 e¢V. This is strikingly similar to the
unusual Seyfert NGC 4151 (Yaqoob et al. 1993) and differen-
tiates S5 0014 + 813 from typical low-redshift Seyfert galaxies
which have strong iron K-lines (EW = 100-300 ¢V), and a
strong Compton hump (Q,/2n ~ 1; Nandra & Pounds 1994
and references therein). Williams et al. (1992) found these fea-
tures to be weak in high-luminosity, radio-loud AGNs. S5

0014 + 813 strengthens this trend. Zdziarski, Zycki, & Krolik
(1993) use a strong reflection component in AGNs to integrate
over redshift to produce the X-ray background. Not seeing a
reflection hump in S5 0014 + 813 detracts from this model.

ASCA has demonstrated an ability to produce good spectra
of quite faint quasars. This should be exploited for more high-
redshift quasars, particularly radio-quiet quasars and quasars
at redshifts more likely to dominate the X-ray background. We
also note that even in the lower (rest frame) energy range of
2-10 keV there are only about 20 good S/N quasar spectra, all
from Ginga (Williams et al. 1992). Here ASCA is ideally placed
to obtain high-quality spectra. Even short ASCA observations
of bright low-redshift quasars will dramatically improve our
basic knowledge of quasars.

We thank Smita Mathur for identifying the KO star. We
thank Keith Gendreau and the staff of the ASCA GOF at
GSFC for their assistance with the data reduction. The spectral
analysis was performed using XSPEC, and the data were
extracted using XSELECT; both packages were provided by
the ASCA GOF. This work was supported by NASA grants
NAGW-2201 (LTSA) and NAG 5-2563 (ASC A).
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ABSTRACT

We have determined accurate values of the Galactic neutral hydrogen column density, Ny, toward 220
quasars and active galactic nuclei from 21 ¢cm H I measurements made on the 140 Foot Telescope
(42.7 m). Accurate values of Ny have now been obtained for the whole PG bright quasar sample and
most quasars that have been observed by ROSAT and the Hubble Space Telescope through mid-1993.
The spectra were corrected for stray 21 cm radiation yielding values of Ny with a typical uncertainty of
1 x 10'° cm™2 for high Galactic latitude directions. The H 1 column densities will be useful for correct-
ing for interstellar opacity at UV and soft X-ray wavelengths, and for estimating the reddening and

extinction toward these objects.

Subject headings: Galaxy: structure — radio lines: ISM — X-rays: general

1. INTRODUCTION

It is crucial to make an accurate correction for absorp-
tion in the interstellar medium (ISM) of the Milky Way
when interpreting soft X-ray and ultraviolet observations of
active galactic nuclei (AGNs) and quasars. The spectral
shape of the X-ray “soft excess” seen in the spectra of
quasars, for example, depends heavily on the amount of
Galactic absorption. In fact, the uncertainty in Galactic
absorption limits the extent to which models of accretion
disk emission can be tested. For most high Galactic latitude
directions, the absorption at soft X-ray and UV wave-
lengths is proportional to the H I column density, Ny,
which can be measured through the 21 cm line. For a
typical high Galactic latitude column of 3 x 10?° cm~?, the
ISM becomes optically thick below 0.3 keV, increasing to
7 = 10 at 0.12 keV (Morrison & McCammon 1983). Know-
ledge of Ny can also be used to establish the Galactic inter-
stellar reddening and the strength of ISM absorption lines
toward distant objects (e.g., Lockman & Savage 1995).

Previous projects have derived accurate 21 cm H 1
column densities toward more than 300 quasars and AGNs
(Elvis, Lockman, & Wilkes 1989, hereafter ELW; Lockman
& Savage 1995; Danly, Lockman, & Savage 1996), and in
the widely observed region around the north ecliptic pole
(Elvis, Lockman, & Fassnacht 1994). We report here on an
additional 220 measurements, which together with the
other surveys, expand the list of objects with accurate mea-
surements of the Galactic absorption to include (1) most
quasars that have been observed by the ROSAT PSPC; (2)
most quasars that have been observed by HST through
mid-1993; (3) all quasars that are in the bright PG quasar

! The National Radio Astromomy Observatory is a facility of the
National Science Foundation, operated under cooperative agreement by
Associated Universities, Inc.
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sample (Schmidt & Green 1983) which have not been pre-
viously observed with the 140 Foot Telescope; (4) extra-
galactic sources which have been detected or tentatively
detected by the Extreme-Ultraviolet Explorer (EUVE).

2. OBSERVATIONS

The 21 cm H 1 measurements were made with the 140
Foot Telescope (42.7 m) of the NRAO at Green Bank, West
Virginia during observing sessions in 1993 November and
in the spring of 1995. At the frequency of the H 121 cm line,
the telescope has an angular resolution of 21'. The receiver
was dual polarization with a system temperature of 19 K in
each channel at zenith. The spectra have a velocity
resolution of 1 km s™! and cover the range —250km s~ ' to
+175 km s~ !. Each object was observed for typically 12
minutes, the spectra were combined and calibrated, an
instrumental baseline was removed, and a correction was
made for stray radiation. Table 1 gives a summary of the
new measurements. Columns (1)-(5) contain the name, right
ascension and declination (B1950), and the Galactic longi-
tude and Galactic latitude of each object.

Stray radiation is 21 cm H 1 emission which enters
through the far sidelobes of the telescope and contributes to
the signal entering the main beam (e.g., Kalberla, Mebold,
& Reich 1980). At high Galactic latitudes, stray radiation
can comprise a significant fraction of an observed 21 cm
spectrum. The observations reported here were corrected
for stray radiation in the manner described by Lockman,
Jahoda, & McCammon (1986, hereafter LYM). This method
consists of “bootstrapping” stray radiation contaminated
spectra to spectra that have little or no stray radiation. The
latter were taken from the Stark et al. (1992) survey of 21 cm
emission that was made using the Bell Laboratories horn
reflector, an antenna which has few far sidelobes but poor
angular resolution (~2° x 3°). The technique used to
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remove stray radiation from 140 Foot Telescope data
requires observation of an additional ~ 75 spectra around
the direction of interest, but it results in an H 1 spectrum
with the adequately high angular resolution of the 140 Foot
Telescope (21'), but with greatly reduced stray radiation (see
LIM for details).

In directions in which the H 1 emission is especially
strong, the stray radiation correction becomes unrehable,
but in these directions stray radiation is expected to be a
small component of the total Ny, and its neglect should not
introduce a substantial error compared to other uncer-
tainties. In these cases, noted with a footnote to Table 1, no
stray radiation correction was made.

3. DETERMINATION OF Ny AND ITS UNCERTAINTY

The derivation of Ny from 21 cm spectra is reviewed in
Dickey & Lockman (1990). All the H 1 emission over the full
range of observed velocities was used to derive the Galactic
Ny, except in the direction of the galaxy NGC 247, where
emission from that galaxy itself is in our spectrum and is
excluded from the calculated Ny.

The uncertainties in the final values of Ny derive from
several sources that are discussed more fully in Lockman
(1993) and in Elvis et al. (1994). There may be an overall
calibration error of a few percent. Noise and baseline uncer-
tainties may each contribute several 10'® cm™2. The stray
radiation correction can contribute an uncertainty in the
range 0.5-1.0 x 10'° cm™2. For high N, directions, the
uncertain opacity correction can also produce a substantial
uncertainty in Ng.

The H 1 excitation temperature toward most of these
objects is not known. Therefore, columns (6) and (7) of
Table 1 give the measured Ny for two assumptions: that the
H 11s optically thin, and that it has a uniform temperature
of 150 K. In most directions, the results differ by less than
10'? cm~2. For objects that show a significant difference,
the larger value (from the 150 K case) will be the more
accurate. However, differences between columns (6) and (7)
of greater than 2 x 10*® cm ™2 occur exclusively for direc-
tions with Ny >5 x 102° ¢cm~™2, and these sight lines
almost certainly intersect clouds containing some molecular
hydrogen (Savage et al. 1977). Thus, when the opacity cor-

rection is significant, it indicates that Ny is not a complete
measure of the ISM in these directions, and thus the use of
Ny alone will underestimate the total Galactic interstellar
opacity.

4. ESTIMATED UNCERTAINTIES IN DERIVED
X-RAY OPACITIES

The typical high-latitude objects observed here should
have a 1 ¢ uncertainty in Ny of no more than 1.0 x 10*°
cm~ 2, For intermediate-latitude and low-latitude objects,
the uncertainties are larger and are typically dominated by
the uncertain opacity correction. An estimate of this can be
obtained from comparison of columns (6) and (7). For
objects with Ny > 5 x 102° cm ™2, one must consider that
some H, might be present along the line of sight, and for
objects with Ny of more than a few times 102! cm™2, the
values given here are certainly a significant underestimate
to the total Galactic interstellar opacity.

In addition to absorption by H 1 and H,, any neutral He
in the ionized interstellar medium can contribute to the
opacity in the soft X-ray bands. A discussion of this com-
ponent relevant to the question of its effect on Galactic
opacity is in Elvis et al. (1994) and in Snowden et al. (1994).

5. SUMMARY

We have derived the Galactic Ny in the direction of 220
quasars and AGNs. Most of the values of Ny have uncer-
tainties ~10'® cm™? and are about 10 times more accurate
than other currently available estimates. The error esti-
mates are dominated by baseline uncertainties, opacity cor-
rections, and the stray radiation correction. The current
data set as well as a compilation of the more than 500 Ny
measurements made with the 140 foot telescope will be
available on the World Wide Web at http://
info.gb.nrao.edu. Files containing Table 1 and all the H 1
spectra will appear in the AAS CD-ROM Series, Vol. 7.

This work was supported in part by NASA grant
NAGW-2201 (LTSA) and NASA contract NAS 8-39073 to
M. E. and by NASA grant NAG 5-2496to A. L.
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